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1.0 INTRODUCTION 

In December of 1993, U.S. Steel voluntarily entered the former U.S. Steel South Works steel 

makiiig site in the Illinois Pre-Notice Site Qeanup Program. The program provides the 

guidance, assistance, and the oversight to the Illinois Environmental Protection Agency (lEPA) 

to owners'operators of industrial/commercial property in Illinois, performing environmental site 

assessments and/or remediation for the purpose of selling or redeveloping the property. To 

facilirate property redevelopment as part of the Pre-Notice Site Cleanup Program, this Health 

Risk Assessment (HRA) was prepared by ChemRisk, a Division of McLaren/Hart Environmental 

Engineering, on behalf of USX Corporation for the former U.S. Steel South Works steel making 

site l(x:ated in Chicago, Illinois. This HRA follows the technical and conceptual risk assessment 

approach identified in the Preliminary Human Health and Ecological Risk Assessment (PRA) that 

was prepared by ChemRisk and approved by the Illinois Environmental Protection Agency 

(lEPA) on March 29, 1995 (ChemRisk, 1995). In the PRA, the potential for terrestrial and 

aquatic ecx>Iogical effects at South Works was determined to be insigniHcant based on analytical 

and background data for the site. Therefore, this HRA is focused on the potential human health 

risks associated with future land use conditions at South Works. The objective of this HRA is 

to pr3vide site-specific remediation goals (RGs), which are concentrations of chemicals in soil 

that Jire protective of human health. The RGs developed in the HRA will provide the basis for 

identifying the nature and extent of remedial activities required at the South Works site, if any, 

to protect; public health. The RGs presented in the HRA will also be used to evaluate analytical 

data from confirmatory sampling in areas that are currentiy undergoing demolition, remediation 

(sew;rs), and sediment removal. The HRA is consistent with the following USEPA and EEPA 

risk assessment guidance documents, as well as on going discussions between lEPA and USX: 
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• U.S. Environmental Protection Agency. (1989). Risk Assessment 
Guidelines fi)r Supetfimd, Volume I. Human Health Evaluation Manual 
(Part A). Interim Final. Office of Emergency and Remedial Response, 
Washington, D.C. EPA/540/1-89/002. 

• U.S. Environmental Protection Agency. (1991). Risk Assessment 
Guidance for Supetfimd; Volume I, Pan B, Development of Risk-Based 
Preliminary Remediation Goals. Interim. Office of Emergency and 
Remedial Response, Washington, D.C. 

• U.S. Environmental Protection Agency. (1995). Risk-Based 
Concentration Table, January-June, 1995. Memorandum from Roy L. 
Smith, Senior Toxicologist, Region m. 

• U.S. Environmental Protection Agency. (1988). Guidance for 
Establishing Target Cleanup Levels at Hazardous Waste Sites. 
Washington, D.C. 

• U.S. Environmental Protection Agency. (1989). Exposure Factors 
Handbook. Office of Health and Environmental Assessment. 
Washington, D.C. EPA/600/8-89/043 

• Illinois Environmental Protection Agency. (1992). Guidance for 
Developing a Site-Specific Soil Cleanup Level Proposal for RCRA Clean 
Closures. Springfield, IL. 

• Illinois Environmental Protection Agency. (1994). Interim Default Values 
for the Estimation of the Dermal Absorption of Chemicals from Soil. 
Memorandum from T. Homshaw. 

The above referenced documents are available from the lEPA or the USEPî .. 

1.1 HEALTH RISK ASSESSMENT ORGANIZATION 

The HRA is organized in the following chapters: 

2.0 Hazard Identification - In this section, a general overview is provided for 
the site, including operational history, key site characteristics, and a 
summary of analytical data. In addition, the chemicals and media of 
interest for the HRA are identified. 

3.0 Dose-Response Assessment - In this section, the method for identifying 
reference doses and slope fiactors for the chemicals of interest is 
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presented. Additionally, the approach for evaluating the carcinogenic 
polynuclear aromatic hydrocarbons (PAHs) in soil is discussed. 

4.0 Exposure Assessment - This section identifies the potentially exposed 
populations, exposure pathways, and the exposure parameters used for 
calculating the RGs, as well as the algorithms for calculating the RGs. In 
addition, a description of the methodology used for determining an RG for 
lead is also provided in this section. 

5.0 Risk Characterization - This section presents the calculated RGs for each 
future land use scraario and compares them to on-site soil concentrations 
of the chemicals of interest. A discussion of the meaning of health risk 
estimates and risk levels that have been deemed acceptable at other sites 
is provided, in addition to a qualitative uncertainty analysis. 

6.0 Conclusions - This section summarizes the findings of the assessment and 
discusses what remedial actions, if any, are required for each scenario to 
protect human health. 

7.0 References - This section presents the literature cited throughout the 
HRA. 

^ l i llC 
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lEXECUnVE SUMMARY 

][n Desember of 1993, U.S. Steel voluntarily entered the former U.S. Steel South Works steel 

makirg site into the Illinois Pre-Notice Site Cleanup Program. The program provides the 

guidance, assistance and the oversight of the Illinois Environmental Protection Agency (lEPA) 

to owners/operators of industrial/commercial property in Illinois, performing environmental site 

iissessments and/or remediation, for the purpose of selling or redeveloping the property. To 

facilitate property redevelopment as part of the Pre-Notice Site Cleanup Program, this Health 

Risk Assessment (HRA) was prepared by ChemRisk, a Division of McLaren/Hart Environmental 

Engineering, on behalf of USX Corporation for the former U.S. Steel Soutii V/orks steel making 

*• * site located in Chicago, Illinois. This HRA was based upon the Preliminary Human Health and 

Ecological Risk Assessment (PRA; March, 1995) approved by die lEPA on March 29, 1995. 

In th<i PRA, the potential for terrestrial and aquatic ecological effects at South Works was 

detennined to be insignificant. Therefore, this HRA addresses only the potential human health 

effects associated with future land use conditions at South Works. The objective of this HRA 

was to provide site-specific remediation goals (RGs) that are protective of human health for 

chemicals of interest (COIs) in soil or slag fill at the site. The concentrations of the COIs 

measured in site soil were then compared to the calculated RGs to determine if and where 

reme<iiation may be necessary to protect future site users based on the current analytical data 

geneiated thus far for the site. Analytical data from confirmatory sampling in areas currently 

undei'going demolition, remediation (sewers) and/or sediment removal will be compared to the 

RGs calculated in this HRA. Additional areas of remediation may be identified in the future and 

are not shown in this report. 
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The (rOIs in soil at the South Works site were determined from three environmental assessments 

that were performed by Waste Technology Incorporated (WTI) and are antimony, beryllium, 

cadmium, lead, manganese, benzo(a)pyrene, benzo(a)antiiracene, benzo(b)fluoranthene, 

dibenz(a,h)anthracene, and indeno(l,2,3-cd)pyiene. These COIs were selected based on a 

comf)arison of the maximum measured concentration of each chemical in soil with the USEPA 

Region m Risk-Based Concentiutions (RBCs) for residential sites (USEPA, 1995a). The 

inorganics were further compared by statistical analysis to naturally occurring background 

conosntî ations of each in Illinois soil or soil of the conterminous U.S. (Dragun and Chiasson), 

1991). Those chemicals measured at levels higher than the RBCs and naturally occurring 

background levels in soil were considered COIs for this HRA. It is important to recognize that 

the inorganic COIs are bound tightiy to the slag fill material at the site because of their physical 

properties and the nature of the slag fill. For this reason, bioavailability (i.e. bioaccessibility) 

of the inorganics is most likely very low. 

%0 
Two levels of exposure were addressed in this HRA: a maximally exposed individual (MEI) and 

a most likely exposed individual (MLEI). The MEI represents the "worst-case" or highest 

exposure for a given population, while the MLEI describes the average or median exposure in 

a given population. For these two levels of exposure, this HRA evaluated the following 

exposure scenarios: 

• Residential 

• Recreational 

• Industrial/Commercial 

• Construction 
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For (jach exposure scenario, the following pathways and media were investigated: 

RESEDENTIAL 
SaHARlO 

EXI>OSURE 
PAICHWAY 

Incidental Ingestion 
(surface soil) 

13erm;il Contact 
(surface soil) 

RECREATIONAL 
SCENARIO 

EXPOSURE 
PATHWAY 

Incidental Ingestion 
(surface soil) 

Dermal Contact 
(surface soil) 

INDUSTRIAL/COMMERCIAL 
SCENARIO 

EXPOSURE 
PAIHWAY 

Incidental Ingestion 
(surface soil) 

Dermal Contact 
(surface soil) 

CoNS'mucnoN | 
SCENARIO 

EXPOSURE 
PATHWAY 

Incidental Ingestion 
(surface/subsurface soil) 

Dermal Contact | 
(surface/subsurface soil) 

Inhalation of Suspended 
Particulates 

(surface/subsurface soil) 

^ l l * 

RGs calculated for the residential, recreational and industrial/commercial scenarios are applicable 

to surface soil (0 - 2 feet). RGs calculated for the construction scenario are applicable to surface 

and subsurface soils (>2 feet). 

Indî 'idual RGs were calculated for each COI for each exposure scenario based upon an 

acce]3table hazard index of one and/or a target theoretical cancer risk range of 1 x 10"* to 1 x 

10"*. For carcinogenic COIs, RGs were developed based only on potential carcinogenic effects 

and not for noncarcinogenic effects. This aj^roach is conservative as ti:ie USEPA toxicity 

criteria protective of carcinogenic effects are generally much lower than those protective of 

noncarcinogenic effects. For all scenarios, RGs for lead were calculated using a physiologically-

based pharmacokinetic (PBPK) model for blood lead developed by Dr. O'Flaherty of tiie 

University of Cincinnati. At tiie request of die lEPA, tiie USEPA modified Bowers et al. (1994) 

model for long term adult exposure scenarios and the USEPA Integrated Exposure Uptake 

Biokinetic (lEUBK) model for children were presented for comparison and to show that all 

available blood-lead modeling approaches were considered. However, the PBPK model was 

deemed the most appropriate for determining RGs as it is the only model that is: 1) capable of 
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(jvalu£iting both adults and children, 2) physiologically based, 3) validated for a variety of short 

imd Icng term exposures, and 4) published in the peer-reviewed scientific lit<irature. 

.-^Ulli 

The FGs calculated for the COIs at the South Works site are presented in Tables ES-1 tiirough 

ES-4 lalong with the maximum concentrations of each COI in surface soil and in the entire soil 

(X)lunin. The concentrations of the COIs in soil at each sampling location were compared to the 

RGs for each scenario, and exceedences are summarized below. 

RGs Protective of 

1 10^ Cancer Riisk Uvel 

»̂ î O"̂  Caicer Riisk Level 

Noncancer Effects 

Number of Sampling Locations Where Concentrations in Soil Exceed 
Calculated RGs 

Residential 

MEI 

23* 

None 

3' 

MLEI 

T 

None 

None 

Recreational 

MEI 

8' 

None 

None 

MLEI 

None 

None 

None 

Industrial/Commercial 

MEI 

None 

None 

None 

MLEI 

None 

None 

None 

Construction | 

MEI 

1" 

None 

1" 

MLEI I 

None 

None 

None 1 

a Only the RG for beryllium at a 10"* increased cancer risk level was 
exceeded at all but one sampling location (total number of sampling 
locations = 24). 

b One sample exceeded the RG for cadmium at a 10"* increased cancer risk 
level. 

c The RG for lead calculated using the O'Flaherty model, which is 
protective of children in a residential setting, was exceedexl at three 
sample locations. 

d The RG for lead, which is protective of a female construction worker of child-
bearing age, was exceeded at one sampling location. 

Based on a comparison of RGs to the analytical data at individual soil sampling locations from 

the environmental assessments, the following conclusions can be drawn: 

The RGs calculated for the industrial/commercial land use scenario at both the 
10"̂  and 10^ risk levels and/or a hazard index of one were {dl higher than the 
measured levels of COIs in site soil. Therefore, remediation of soils for future 
industrial/commercial land use is not deemed necessary. 
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• The RG calculated for cadmium at the 10"* risk level for the MEI construction 
scenario (53 mg/kg) was exceeded at one sampling location (SB-39-2, 89.1 
mg/kg). All other construction scenario RGs were higher thjui their measured 
levels in site soils. This single exceedence of the cadmium R(j is driven by the 
inhalation of particles during future construction activities. Because the total 
mass of soil particulates in the air would be from a large part of the site during 
construction activities, rather than a single location, remediation of this single 
sampling location is not deemed necessary. 

• As shown in the above table, at a 10"* risk level, 23 of 24 surface soil samples 
had concentrations of beryllium above the residential MEI RG of 1.1 mg/kg, and 
2 had concentrations of beryllium above the residential MLEI RG of 6.2 mg/kg. 
The 10"* RG calculated for beryllium for the MEI recreationjd scenario of 3.7 
mg/kg was exceeded by concentrations of beryllium at 8 sampling locations. 

• The RG for beryllium for the residential MEI and MLEI and recreational MEI 
scenarios at the 10"* risk level are within the range of naturally occurring 
background concentrations. Therefore, these RGs are not meaningful because 
remediation below naturally occurring background concentrations is neither 
feasible nor reasonable. Further, because no animal or human study in the 
scientific literature has ever demonstrated an increased incidence of cancer 
following oral exposure to beryllium, the evaluation of ber/llium as an oral 
carcinogen is highly questionable. 

• Concentrations of the COIs, including beryllium, did not exceed the RGs for any 
scenario at the 10"* risk level. 

• The residential MEI RG for lead of 932 mg/kg (child scenario), calculated using 
O'Flaherty PBPK model, was exceeded by the concentrations of lead at three 
sampling locations. This RG is consistent with the USEPA re<:ommended range 
of cleanup levels for lead at Superfund sites of 5(X) to 1,(XX) mg/kg. Because 
future residential children could be exposed to these areas, these lead levels 
should be addressed prior to residential development. 

• The MEI short- and long-term construction worker RGs wen; exceeded by the 
maximum concentration of lead (3,200 mg/kg) measured at one sampling location 
(SS-9-01). This area also exceeds the MEI residential RG and should be 
addressed prior to site redevelopment. 

• The total additive theoretical cancer risk associated with multiple chemical 
exposures does not exceed the USEPA acceptable risk range of 10^ to 10"* for 
Superfund sites (USEPA, 1990). Additionally, the acceptJible hazard index 
associated with multiple chemical exposures does not exceed one except in the 
three locations where lead exceeds 932 mg/kg. With the exception of beryllium, 
the total cancer risk marginally exceeds the 10"* risk level at one location (SB-37-
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1) where benzo(a)pyrene and dibenz(a,h)antiiracene botii occur at tiieir maximum 
concentrations. At this location, the total cancer risk does not exceed the 10"̂  risk 
level. 

Based on tiie blood-lead modeling analysis, it may be necessary to remediate lead in three areas 

identfied in this HRA, should these areas be developed for residential use in the future. One 

area, with the maximum concentration of lead in soil, should be addressed prior to site 

redevelopment to protect future construction workers. As stated previously, analytical data from 

confirmatory sampling in areas currentiy undergoing demolition, remediation (sewers) and/or 

sediment removal will be compared to the RGs calculated in this HRA. 

At a 10"' risk level, it should not be necessary to remediate soils at the South Works site for 

beryUium (or any other COI) in the areas evaluated in this HRA. At all but one sampling 

location, the 10* RG for beryllium for the residential MEI scenario (i.e., the "maximally 

exposed individual") was exceeded. This is due to a combination of the highly conservative 

nature of the residential MEI scenario evaluated in this HRA and the highly conservative USEPA 

'«I» oral iî ancer slope factor for beryllium. For example, for the MEI scenario, tiiis assessment used 

the USEPA default soil ingestion rates of 200 mg/day for a child and 50 mg/day for an adult. 

If more realistic soil ingestion rates presented in recent scientific literature of 25 mg/day and 10 

mg/day were used for children and adults, respectively, an RG for the MEI residential scenario 

would be 10 mg/kg at a 10"* risk level. The concentrations of beryllium in site soil (maximum 

concentration = 9.8 mg/kg) do not exceed this RG. These soil ingestion rates have been used 

to describe the MEI scenario in another lEPA-approved HRA (ChemRisk, 1989). 

Finally, it is noteworthy that only the RGs protective of a 1 x 10"* increased risk level for 

beryllium are exceeded by site concentrations. These beryllium RGs for a 10"* risk level should 

not l)e used to guide remedial efforts because: 1) they are within the range of naturally occurring 

background levels of beryllium in soil, 2) beryllium has never been shown to cause cancer in 

animals or humans following oral exposure, 3) the bioavailability of metals in slag material on 

tiie site is very low, and 4) tiie RGs were calculated using very conservative assumptions 

regarding the level, frequency and duration of exposure. For these reasons, the RGs for 
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beryllium protective of a 1 x 10"* increased cancer risk level, which were not exceeded by 

concentrations of beryllium in site soil, should be protective of human healtii. 

I l l * 
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TABLE ES-1 
REMEDIATION GOALS BASED ON A 1 x 10' CANCER RISK AND HAZARD INDEX OF ONE 
FOR THE RESIDENTIAL, RECREATIONAL, AND INDUSTTRIAL/COMMERCIAL SCENARIOS 

(mg/kg) 

1 Chemical 

1 Antimony 

1 Beryllium 

1 Cadmium 

1 Lead 

Manganese 

1 Benzo(a)anthracene 

1 Ben2o(a)pyrene 

1 Benzo(b)fluoranthene 

Dibenz(a,h)anthracene 

1 Indeno(l,2,3-cd)pyrene 

Maximum 
Surface Soil 

Concentration 
(mg/kg) 

7.6 

9.3 

89.1 

3,200 

29,900 

1.3 

1.7 

1.6 

0.57 

1.3 

Residential Scenario 

MEI 

Adult 

601 

Child 

46 

11' 

1,500 

NC 

>10« 

114 

932 

75,000 

185' 

23.8' 

207' 

134' 

173' 

MLEI 

Adult 

1,960 

Child 

158 

62" 

4,890 

NC« 

> I 0 ' 

394 

932 

355,000 

1,050* 

135' 

1,170' 

75.9' 

977' J 

Recreational Scenario 

MEI 

Adult 

2,020 

Child 

153 

37' 

5,060 

NC« 

>l(f 

383 

3,790 

253,000 

624' 

80" 

695' 

45.1' 

581' 1 

MLEI 

Adult 

^12,100 

Child 

745 

210* 

30,200 

NC« 

>10* 

1,860 

3,790 

>10* 

3,530* 

453' 

3,930* 

255' 

3,290-

Industrial/Commercial 
Scenario 

MEI 

841 

83.3" 

2,100 

6,150 

>10* 

1,180" 

151" 

1,310" 

85.2" 

1,100" 

MLEI 

5,020 

2,760" 

12,500 

72,800 

>10' 1 
39,000" 

5,000" 

43,400" 

2,820" 

36,300" 1 

a Value is for adult and child exposure combined based on carcinogenic effects. 
b Based on carcinogenic effects for adults only. 
c RG for child exposure is also protective for adult exposures. 
NO Not Calculated 
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TABLE ES - 2 
REMEDIATIO.N GOALS BASED ON A 1 x lO"* CANCER RJSK 

AND A HAZARD INDEX OF ONE 
FOR TIIE CONSTRUCTION SCENARIO 

(mg/kg) 

1 Chemical 

II Antimony 

1 Beryllium 

1 Cadmium 

j Lead 

1 Manganese 

1 Benzo(a)anthracene 

1 Benzo(a)pyrene 

1 Benzo(b)fluoranthene 

1 Dlbenz(a,h)anthracene 

1 Indeno(l,2,3-cd)pyrene 

Maximum Soil 
Concentration'* 

(mg/kg) 

64.7 

9.8 

89.1 

3,200 

35,900 

1.7 

1.7 

1.6 

0.57 

1.3 

Construction Scenario 

MEI 

241 

224' 

534 

3,750 

443,000 

805' 

84.6' 

821' 

76.7' 

796' 

MLEI 

558 

1,900" 

1,390 

15,600 

>10* 

3,650" 

383' 

3,720" 

347' 

3,600" J 

Short-Term Construction Scenario |{ 

MEI 

NC 

NO 

NC 

2,080 

NC 

NC 

NC 

NC 

NC 

NC 

MLEI 1 

NC 

NC 

NC 

18.650 

NC 

NC 

NC 1 
NC 

NC 1 
NC 1 

a Based on carcinogenic effects for adults only. 
b Soil concentrations for both surface and subsurface soils. 
NC Not Calculated 
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TABLE ES - 3 
REMEDIATION GOALS BASED ON A 1 x 10^ CANCER RISK AND HAZARD INDEX OF ONE 
FOR THE RESIDENTIAL, RECREATIONAL, AND INDUSTRIAL/COMMERCIAL SCENARIOS 

(mg/kg) 
1 

1 Chemical 

1 Antimony 

y Beryllium 

1 Cadmium 

1 Lead 

Manganese 

1 Benzo(a)anthracene 

Benzo(a)pyrene 

Benzo(b)fluoranthene 

1 Dibenz(a,h)anthracene 

1 Indeno(I,2,3-cd)pyrene 

Maximum 
Surface Soil 

Concentration 
(mg/kg) 

7.6 

9.3 

89.1 

3,200 

29,900 

1.3 

1.7 

1.6 

0.57 

1.3 

Residential Scenario 

MEI 

Adult 

601 

Child 

46 

I.I" 

1,500 

NC 

>10' 

114 

932 

75,000 

18.5" 

2.38' 

20.7' 

13.4" 

17.3" 

MLEI 

Adult 

1,960 

Child 

158 

' 6.2-

4,890 

NC« 

>10* 

394 

932 

355,000 

105' 

13.5' 

117" 

7.59* 

97.7' 

Recreational Scenario 

MEI 

Adult 

2,020 

Child 

153 

3.7* 

5,060 

NC 

>10* 

383 

3,790 

253,000 

62.4" 

8.0" 

69.5" 

4.51" 

58,1" 

MLEI 

Adult 

12,100 

Child 

745 

21" 

30,200 

NC 

>10« 

1,860 

3,790 

>10« 

353" 

45.3' 

393" 

25.5' 

329" 

1 Industrial/Commercial 1 
Scenario | 

MEI 

841 

8.3" 

2.100 

6,150 

>10« 

118" 

15.1" 

131" 

8.5" 

no" 

MLEI 

5,020 

276" 

12,500 

72,800 

>10* 

3900" 

500" 

4340" 

282" 

3630" 

a Value is for adult and child exposure combined based on carcinogenic effects. 
b Based on carcinogenic effecU for adults only. 
c RG for child exposure is also protective for adult exposures. 
NC Not Calculated 
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TABLE ES - 4 
REMEDIATION GOAKS RASED ON A 1 x 10^ CANCER RISK 

AND A HAZARD INDEX OF ONE 
FOR THE CONSTRUCTION SCENARIO 

(mg/kg) 

1 
1 Chemical 

II Antimony 

Beryllium 

1 Cadmium 

1 Lead 

1 Manganese 

1 Benzo(a)anthracene 

1 Benzo(a)pyrene 

1 Benzo(b)fluoranthene 

1 Dibenz(a,h)anthracene 

1 Indeno(l,2.3-cd)pyrene 

Maximum Soil 
Concentration" 

(mg/kg) 

64.7 

9.8 

89.1 

3,200 

35,900 

1.7 

1.7 

1.6 

0.57 

1.3 

Construction Scenario 

MEI 

241 

22.4' 

53.4 

3,750 

443,000 

80.5" 

8.46" 

82.1' 

7.7' 

80' 

MLEI 

558 

190" 

1.390 

15.600 

>10* 

365" 

38.3" 

372" 

34.7' 

360" 

Short-Term Construction Scenario | 

MEI 

NC 

NC 

NC 

2,080 

NC 

NC 

NC 

NC 

NC 

NC 

MLEI 

NC 

NC 

NC 

18,650 1 

NC 

NC 

NC 

NC 1 
NC 1 
NC 1 

a Based on carcinogenic effects for adults only. 
b Soil concentrations for both surface and subsurface soils. 
NC Not Calculated 
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2.0 BiAZARD roENTIFlCATION 

Tills section summarizes the soil and sediment data from the previous environmental assessments 

conducted at die site (WTI, 1993a,b; 1994), and describes site location, history, and conditions. 

More detailed discussions of site conditions and history are provided in the site investigation 

reports (WTI, 1993a,b; 1994). Additionally, tius section provides the basis for determining the 

chemicals of interest (COIs) to be quantitatively evaluated in the HRA. 

2.1 SITE LOCATION 

Ht # Tie South Works site, covering approximately 567 acres, is located in the southeast side of the 

City of Chicago and is bordered by Lake Michigan to the north and east, tiie Ciilumet River to 

tiie soutii, and by a residential area to the west (Figure 2-1). The North and Soutii Vessel Slips, 

uiiixi for shipping and receiving when the site was active, are located adjacent to the North Ore 

y ard leziding into Lake Michigan and adjacent to tiie Soutii Ore Yard leading into the Calumet 

River, respectively. 

2.2 HISTORY 

1 he North ("hicago Railway Mill Company began construction of a primary steel plant at the 

s te in March of 1880; once completed, it encompassed 73 acres. In March of 1881, tiie first 

b last furnace went into production and steel shipments began. Since this time, the site has been 

c tf/ned imd operated by the Illinois Steel Company, the Carnegie-Illinois Steel Company, and 

finally U.S. Steel Corporation in 1901. The byproduct of operations, molten slag, was used as 
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fill material during the course of plant operations to increase the plant area so that future 

exiKmsion could occur (WTI, 1993a). 

U.S. Ste(;l began operations at the South Work site in 1901 producing steel products such as 

stabiless steel, and special alloy grade steel (WTI, 1994). Coking was not part of tiie steel 

msildng process at the Soutii Works facility. In 1982, decreased aimual trade shipments resulted 

in the progressive shut down of all but two major operations at the site. Approximately two-

thirds of the plant facilities were demolished by 1991, and the facility ceased all operations on 

Aj>ril 10, 1992. A more complete site operational history is presented in the three investigation 

re:>Drts by WTI (WTI, 1993a,b; 1994). 

2.3 SITE CONDITIONS 

Tlie stratigraphy of the Soutii Works site is variable, consisting of fill material underlain by very 

fine and silty sand. The fill consisted of cinders and molten slag, a by-product of tiie steel 

making process. As stated previously, the molten slag was deposited along the lake front to 

increase the plant area for future expansion. Heavy metals are tightiy bound constituents of the 

molten slag matrix and are not readily released from the matrix. 

Tlie thickness of tiie slag/fill material varies from 4-12 feet in the southwestern region of the 

sire, to ?.5-35 feet at the eastern and northern regions. The fine sand reaches 11-16 feet below 

Lake Michigan where a region of clay is met and extends 70 feet to a region of limestone (WTI, 

l';)93a, b; 1994). 

Suil from the Soutii Works site, sediments from tiie North and South Vessel Slips, and 

gi-oundv/atcr beneath tiie site were sampled in three phases of a site investigation ([WTI, 1993a,b; 

l')94) to characterize the extent of chemical impacts that may have occurred at the site. All of 

tilt; Phase HI Investigation data, tiiat were validated by Contract Laboratory Program (CLP) 

szindarcls, are used in tiie HRA. In addition, tiie Phase I and 11 data for lead were used because 

liisid was detected above an lEPA screening level of 700 mg/kg in these data (Sisction 2.4.1.2). 
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L(:£Ld was the only chemical that was found above its screening level in the Pha.se I and II data 

bit not in tiie Phase IE data (Section 2.4). 

A total of 23 surface soil samples and 25 subsurface samples were collected as part of the Phase 

HI' investigation (WTI, 1994) from a grid sampling pattern designed to evenly and unifomdy 

cliziracteiize tiie concentrations of chemicals in soil across the site. The Phase I and n 

investigations targeted areas thought to be impacted by previous site activities, llierefore, these 

diita were biased towards sampling locations that most likely exhibited higher concentrations of 

die COIs. For this reason, tiie Phase in data were deemed to be the most appropriate for 

ciiaracterizing potential future exposure at the site. 

All surficial soil samples were analyzed for the following chemical constituents: 

TCL' Total Metals 11-TCLP* Metals 
Chloride Total Cyanide 
Ammonia (NHj-N) Phenols 
Sulfate Total Sulfide 
pH 

a Target compound list 
b Toxicity characteristic leaching potential 

S electa! samples were also analyzed for TCL volatile organic compounds (VOCs), TCL senu-
volatile organic compounds (SVOCs), and polychlorinated biphenyls (PCBs) (WTI, 1994). 

hll sub;$urface soil samples were analyzed for the following compounds: 

TCL Total Metals 11-TCLP Metals 
Chloride Total Cyanide 
Ammonia (NHj-N) Phenols 
Sulfate Total Sulfide 
pH 

Select&j samples were also analyzed for TCL VOCs, TCL SVOCs, and PCBs (WTI, 1994). 
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2.4 Ĉ HEMICALS O F INTERECT 

ChemicsJs of Interest (COIs) were identified in tiiis HRA, consistent with USEPA risk 

assessment guidance to focus the assessment on only those chemicals that may pose a significant 

risk at tiie site. Only COIs are quantitatively evaluated in this HRA as per the EPA-approved 

PRA. llie selection criteria used to identify COIs in soil and sediment are described below. 

2,4.1 Sou 

The preliminary inorganic and organic COIs for soil were initially identified for the site based 

on a comparison of the maximum measured concentrations of each chemical in soil with the 

L SEPA Region m Risk-Based Concentrations (RBCs) for direct contact exposures at residential 

sites (USEPA, 1995a). The Region m RBCs are "screening" levels of individual chemical 

c^nstitiients in soil, groundwater, and air tiiat were calculated by USEPA Region HI using 

c^nserviative, standard default exposure assumptions for direct contact exposures. The RBCs 

are concentrations of chemicals below which adverse effects to human health are not likely to 

occur. The residential RBCs are designed to protect individuals residing at tiie site, including 

children and are considered protective of all land uses for direct contact exposures. This is 

because residential exposure scenarios are the most conservative (i.e., longest exposure duration 

and frequency). The RBCs are appropriate screening levels for this site because potential 

impacts to groundwater will be dealt with separately, as discussed in Section 2.4.3. Those 

c hemicids measured above tiieir RBCs were mutually agreed upon by lEPA and USX to be the 

(lOIs far the site (Kubala and Pilja, 1994). Inorganic constituents which exceeded tiieir 

lespective RBCs were further evaluated to determine if constituent levels in on-site soils were 

J titistically greater than regional background concentrations, as discussed further in this section. 

2.4.1.1 Organic Constituents 

I'ive polynuclear aromatic hydrocarbon (PAH) compounds were detected in site soils at 

< oncenrjations in exceedence of the Region in RBCs: benzo(a)anthracene, benzo(a)pyrene, 
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be:iro(b)lluoranthene, dibenz(a,h)anthracene, and indeno(l ,2,3-cd)pyrene. Therefore, they were 

considered tiie organic COIs for soil in this HRA. All otiier orgaiuc constituents were detected 

in site sods at levels below their respective RBCs. The analytical limits of detection (LOD) for 

thctise orfjanic constituents not detected in site soil were also compared with their respective 

RJilCs, and were found to be below their respective RBCs. Because PAHs are generally found 

as a chemical mixture of more than one chemical constituent, the analytical LODs for those 

PAHs not detected in site soil were also compared with the RBCs for each PAH. The LODs 

for all PAHs, except benzo(a)pyrene and dibenz(a,h)antiiracene, were below their respective 

R]:JCs. These two chemicals were also measured above tiie LOD in some site soil samples. The 

PAHs will be considered to be present in soil at one-half their LODs for the purposes of this 

e^aJuaticn (USEPA, 1989a). 

It is important to note that PAHs are found naturally in the environment. The Agency for Toxic 

Substances and Disease Registry (ATSDR) states that PAHs are ubiquitous in soil because of 

tiie incomplete combustion of organic materials (i.e., forest fires, burning of fossil fiiels) 

(ATSDFL, 1993). PAHs have even been detected in Arctic soils (Thomas, 1986). PAHs have 

tx^n measured at concentrations up to 1.3 mg/kg in rural soils, 0.9 mg/kg in agricultural soils, 

ajid 166 mg/kg in urban soils from non-specific natural and anthropogenic sources (ATSDR, 

vm). 

A. study by Berggreen et al. (1991) reports concentrations of 18 different PAHs from a survey 

of several sites (number not specified) in the Chicago area. A total of 26 samples were collected 

and amdyzed, and the results indicate tiiat PAHs are widespread in Chicago fill soils. 

Specifically, benzo(a)pyrene was detected in 3 of 26 samples at a maximum concentration of 5 

n ig/kg, and chrysene was detected in all but six samples at concentrations up to 55 mg/kg. Total 

I'yUi concentrations ranged from nondetect to 512 mg/kg. The authors tiieorized tiiat 

\ istoricilly, garbage, cinders, ashes, and clay were used as fill material throughout Chicago to 

fiicilitate land development especially near the Lake Michigan waterfi'ont, and that numerous 

f .res contiibuted to the elevated PAH levels. Altiiough it is recognized tiiat there are background 

lijvels of PAHs in the area from natural and anthropogenic sources not related to the South 
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. , Works site, tills HRA does not account for any contribution to the site from background 

concentnitions as the background contribution caimot be quantitatively estimated. 

2.4.1.2 Inorganic Constituents 

Six inorganic constituents were detected in one or more soil samples from the Phase m 

aiisilytical data at concentrations exceeding Region III RBCs. These are antimony, arsenic, 

biMylliurn, cadmium, manganese, and vanadium. R^ion m does not provide an RBC for 

inorganic lead; tiierefore, lEPA and USX mutually agreed to a screening level for lead of 700 

mg/kg (Kubala and Pilja, 1994). Altiiough lead was not detected at levels above 700 mg/kg in 

th e Phase III Investigation, soil samples collected in Phase I and Phase n contained lead levels 

alcove 7<X) mg/kg. Therefore, lead was included as a potential COI in this HRA. Lead was the 

oily constituent that exceeded it's RBC in the Phase I and Phase II investigations but not in the 

Phase 111 investigation. 

%4» These above referenced seven inorganic constituents (including lead) were further screened by 

comparijig the site analytical data to background levels of these inorganic constituents in soils 

v/liich is consistent with USEPA and lEPA guidance. Sufficient background data (mean and 

sumdard deviation) for arsenic, beryllium, lead and vanadium in Illinois soils were available 

(Dragun and Chiasson, 1991). Because background data specific to Illinois were not available 

fi3r the otiier inorganic constituents, background data for antimony and manganese reported for 

eaistem U.S. soils were used, and background data reported for Michigan were used for 

(jidmium (Dragun and Chiasson, 1991). 

A Behrens-Fisher /-test (discussed below) was used to determine if tiiere is a statistically 

•ignificant difference between the on-site concentrations of inorganic chemicals and regional 

jackground concentrations. If it was determined that an inorganic constituent was present on-

iiite at levels not exceeding background concentrations, that constituent was eliminated as a COI. 

[l: is important to note that, because of tiie conservative assumptions used to derive tiie RBCs 

(ii.e., .100 mg/day soil ingestion rate, 350 days/year exposure frequency), some RBCs for 
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incrganic constihients (i.e., arsouc and beryllium) are much lower tiian natund background 

coii<»ntrations. 

Belirgns-FistiCT f-Tg5t 

The Behi-ens-Fisher r-test is valid for comparing tiie means from two populations tiiat are 

unî qual in size and in variance (Guttman et al., 1965). Both populations must also have normal 

(Gaussian) distiibutions (Guttinan et al., 1965). The null hypotiiesis for tiie background 

comparison is tiiat the mean on-site soil concentration for a constituent is less tiian or equal to 

tiic corresponding mean background soil concentration. A right-sided, one-tailed, two sample 

tei;t was used to evaluate tiie alternative hypothesis. The alternative hypoUiesis for this 

comparison is tiiat tiie mean on-site soil concentration for a constituent is greater tiian tiie 

corresponding mean background soil concentration. If the null hypotiiesis is shown to be false 

(also referred to as rejecting tiie null hypothesis), the alternative hypotiiesis is accepted as being 

tiiie, and the mean soil concentration of a constituent is considered to be significantiy greater 

tiiiin the mean background soil concentration. 

Since \hv, B-F /-test requires that the datasets being tested have normal distributions, all datasets 

were tested using Lilliefors modification of the Kolmogorov-Smimov test (Lilliefors, 1965) to 

dî lermine whetiier the on-site and background soil datasets have normal or lognormal 

d: stributions. This test indicated tiiat arsenic, beryllium, cadmium, lead, and manganese are 

Icignormally distributed and antimony and vanadium are eitiier normally distributed or do not fit 

either distribution. The B-F /-test was performed using tiie geometiic mean and standard 

dijviations for all of tiie metals. This is done since, by definition, the natural logaritiims of data 

fi om a lognormal distiibution will have a normal distiibution. For tiiose datasets tiiat did fit a 

1< ignomrial or normal distribution, the B-F /-test was performed on the natural logarithms of the 

d:ita. lliis was done to ensure that any statistical differences between a data.set witii a large 

V ariancc and a dataset witii a small variance was detectable. Otiierwise, by assuming a normal 

d istribu ion for the datasets, two datasets that truly have different means may not be seen as 

siatisucilly different because of tiie larger variance of one dataset encompassing tiie mean and 

\ aiianaj of the otiier dataset. 
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Tlie B-F /-test compares tiie calculated statistic (defined as a function of a random variable) to 

a 1 abulati^ value of the standard student's / distribution table. The statistic usecl by the test is: 

(1*1-1*2) 
r = 

wliere: 

T' = The computed statistic which is compared to the critical value of 
the student's / distribution for the specified confidence level. The 
null hypotiiesis is rejected for large values of T, specifically when 
'^ "> htm (obtained fiom a standard / distribution table). The value 
of /crit is determined by the level of confidence (1-a) and the 
degrees of freedom (df) 

//ii = The mean of the on-site soil sample data (or natural logarithms) 
for a specific inorganic constituent 

IJ.2 = The mean of tiie background soil data (or natural logaritiims) for 
a specific inorganic constituent 

**' ' Si = The sample variance of the on-site soil sample data (or natural 
logarithms) for a specific inorganic constituent 

^ = The sample variance of tiie background soil sample data (or natural 
logarithms) for a specific inorganic constituent 

n, = The number of on-site soil samples collected for a specific 
inorganic constituent 

1I2 = The number of on-site background samples collected for a specific 
inorganic constituent 

"he degrees of freedom, df, needed to determine/̂ rit was calculated by solving tiie following two 

equations: 

df "i - 1 "2 ~ ^ 
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*%ii**' 
whisre: 

c = 
[ A + ( ^ ) ] 

To perfoiTO the B-F /-test, the value for T is calculated for each inorganic constituent and 

compared to tiie tabulated t̂ ^ value for the given confidence level and degrees of freedom 

(G.ittman et al., 1965; Abramowitz and Stegun, 1972). If tiie calculated T value is greater than 

the /criti tlie null hypothesis is rejected and the inorganic COI is considered statistically different 

(gieater) -Jian background and retained in the HRA. A confidence level of 95%, was used which 

is li'̂ ual to the power of the background soil sampling data set (USEPA, 1989a,b). 

For the purposes of this HRA, mean background concentrations for the seven inorganic 

constituents were taken from Dragun and Chiasson (1991). These means were compared to the 

^.0 m«an concentrations derived from all of the surface and subsurface soil samples collected in 

Phase ID, and for all phases for lead. The results of the /-test (Table 2-1) indicate that 

coicentnitions of antimony, beryllium, cadmium, lead, and manganese exceed naturally-

ocijurring background concentrations. Therefore, these metals were retained as inorganic COIs 

in this HRA. Concentrations of vanadium and arsenic in site soils were found below regional 

ba;;kground concentrations and are not evaluated further in this assessment. In summary, based 

upon the comparison with the RBCs and the results of the B-F /-test, the COIs for soil are the 

following: 
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Organic COIs 

Benzo(a)anthracene 

Benzo(a)pyrene 

Benzo(b)fluorantiiaie 

Dibenz(a,h)anthracene 

Indeno(l ,2,3-cd)pyrene 

August 25, 1995 

Inorganic COIs 

Antimony 

Beryllium 

Cadmium 

Manganese 

Lead 

2.4.1.3 Data Summary for the COIs in Soil 

Tiibles 2 -2 and 2-3 present statistical summaries of tiie analytical data for the COIs in the entire 

sciJi column and in surface soil respectively, from the South Works site. The arithmetic mean 

amcentration, frequency of detection, and concentration range are presented. The arithmetic 

mean provides a measure of central tendency for a normally distributed dataset. With the 

e7:ception of lead, these statistics are based upon the Phase III analytical data. Samples for 

which tlie detection limit was greater than the maximum detected concentration were not 

included. One-half the limit of detection was used for those samples with detection limits less 

tian the maximum concentration per USEPA guidance (USEPA, 1989c). The lead summary 

statistics are based on data from all three site investigations (WTI, 1993a, b; 1994). The 

inorganic COIs are present above detection limits in nearly all samples as would be expected 

bî ::ause these chemicals occur naturally in most soils and in fill material derived from molten 

slag. The exception is antimony which was detected in only two Phase HI samples above the 

detection limit. 

P or suri'ace and subsurface soils combined (Table 2-2), the arithmetic mean concentrations for 

tl le PAHs Jire all below 0.5 mg/kg. The PAIfa range in concentration from a low of 0.022 

ng/kg for dibenz(a,h)anthracene to a high of 1.7 mg/kg for benz()(a)pyrene and 

t enzo(a)anthracene. l̂ ead and manganese were detected within a wide range of concentrations 

from 0.05 to 3,200 mg/kg for lead and 30.1 to 35,900 mg/kg for manganese. Beryllium, 
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aniimony, and cadnuum were detected at concentrations ranging from 0.14 to 9.8 mg/kg, 1.35 

to 64.1 mg/kg, and 0.135 mg/kg to 89.1 mg/kg, respectively. The concentration range for 

beryrllium in South Works soil is witiiin tiie range of naturally occurring background in the U.S. 

(1 15 mg/kg) (Dragun and Chiasson, 1991). 

Tlie aritiimetic mean concentrations of tiie PAHs in surface soil were only slightiy higher than 

tiiii aritiimetic mean concentrations for surface and subsurface soils combined (Table 2-2 and 2-

3), but tiie PAHs were detected in at least half of tiie surface soil samples collected (Table 2-3). 

As referenced above, concentrations of beryllium in surface soil (0.14 to 9.8 mg/kg) ranged 

within naturally occurring background levels in the U.S. (1 to 15 mg/kg) (Dragun and Chiasson, 

\[>9l). The same is true for cadnuum, measured at concentrations ranging from 1.1 to 9.3 

meykg v/itii background concentrations ranging from non-detectable to 11 mg/kg (Dragun and 

Chiasson, 1991). Conversely, lead and manganese were measured at concentirations significantiy 

h gher tiian their naturally occurring background concentiations of less tiian 10 to 700 mg/kg and 

le ss tiiar. 2.0 to 7,000 mg/kg, respectively (Dragun and Chiasson, 1991). Lead and manganese 

vere detected at concentiations ranging from 0.05 to 3,200 mg/kg and 378 to 29,900 mg/kg, 

nr«pectively, in surface soils. 

11 tiie Risk Characterization Section (Section 5.0), concentrations of COIs measured at individual 

stmpling locations were compared to the RGs for each future land use scenario. 

2.4.2 Sediments 

A total of five sediment samples were collected from tiie North and Soutii Vessel Slips during 

the environmental assessments conducted at the Soutii Works site (WTI, 1994). Only two 

(hemicjd constituents, beryllium, and manganese, exceeded Region HI RBCs for soil (USEPA, 

995a). Because tiiese screening values are more appropriate for soil samples than sediment, 

further information on regional and local sediment quality was sought. The regional and local 

:;€!dime]it data also provide an indication of tiie sediment quality upgradient or 'background" to 

he site. 
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Sir lilar to the screening comparisons conducted for soils, it is important to determine if the 

measured levels of these constituents exceed regional background levels. USX obtained 

baclcground data for sediments firom Lake Michigan and the Calumet River, located upgradient 

of ihe Sli]3S, via Freedom of Information Act (FOIA) requests. These requests yielded sediment 

amdytical data from tiie USEPA (1992a) and tiie U.S. Army Corps of Engineers (1978, 1980, 

19IU). Other information was obtained from the published scientific literature on background 

coicentnitions of inorganic constituents in soil and sediment throughout the United States 

(Dragun and Chiasson, 1991). Additionally, USX contacted tiie USEPA Assessment and 

Rtrnedialion of Contaminated Sediments (ARCS) working group for information that might be 

applicable to tiie Soutii Works site (1990, 1991, 1993, 1994). The ARCS group is currentiy 

stiidying sediments in all five of the Great Lakes. These requests resulted in receipt of an 

extensive amount of sediment data generated over the past 20 years. 

B<xause the Calumet River, which is located adjacent to the southern boundary of the South 

Works site, flows from Lake Michigan to the Cal-Sag Channel, Lake Michigan sediments in the 

Cilumet Harbor are most representative of upgradient, background sediments for the South 

> '̂orks site. The Calumet River flows from Lake Michigan eventually to the Mississippi River. 

Tiis condition, coupled with other industrial and municipal wastewater treatment plant 

discharges to Lake Michigan, both present and past, have created a set of unique conditions in 

th e sediments from this area of Lake Michigan. 

These conditions limit the applicability of the large amount of sediment data generated by the 

ainove referenced agencies to represent background sediment conditions for the Soutii Works site. 

T he use of Lake Michigan sediment data collected offshore of the states of Wisconsin, Illinois, 

L idiana, or Michigan do not appropriately represent upgradient background conditions for the 

Morth and South Vessel Slips. 

S ediment data, obtained from tiie USEPA, U.S. Army Corps of Engineers, and from the ARCS 

f rogram are the most current data available. The 1984 Corps of Engineers sediment data are 

tlie most recent data collected from the Calumet Harbor which, as referenced earlier, most 
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aiHi)ropriately represents upgradient sediments for the North and South Vessel Slips. The Corps 

of Engineers has conducted only limited dredging in tiie headwaters of the Calumet River 

adijacent to tiie southern boundary of the site and in the Calumet Harbor adjacent to tiie eastern 

b<:>undar/ of tiie site. Therefore, sediment samples obtained by the Corps in 1984 should still 

represent sediment conditions today. In addition, by 1984, approximately 50% to 75% of the 

steel prciduction facilities at the South Works site had ceased operation and, therefore, no longer 

hul tiie potential to impact sediments in the North and Soutii Vessel Slips. 

The concentrations of inorganic constituents detected in the North and South Vessel Slip 

aî liments are consistent with the above referenced background sediment and soil data 

rqjresentative for background conditions at the site (Table 2-4). Beryllium, while only slightiy 

eicceeding regional background levels for sediments in one sample, was well within the range 

of background soil concentrations from which sediment is derived (Dragun and Chiasson, 1991). 

I>ata from both Lake Calumet and the Calumet River have been included in Table 2-4 to show 

tlie significantiy higher levels of inorganic constituents within a short distance of the South 

Works site. Because sediments in the North and South Vessel Slips are consistent with regional 

background soil and sediment data, they will not be evaluated further in this HRA 

2.4.3 Groundwater 

Tlie Phase in investigation results showed that eight chemicals were detected in one or more 

samples; at levels exceeding Class I groundwater standards but, in most cases, were below Class 

II standards. It is important to recognize that groundwater beneath the SouUi \Vorks site is not 

< iirrently used for drinking water or other residential/industrial uses, nor is it likely to be in tiie 

J uture. In addition, it is highly unlikely that a domestic use well would be installed in the City 

(:f Chicago as municipal water is available. Therefore, groundwater was not evaluated in this 

HRA. as per discussions with lEPA and as stated in the approved PRA (ChemRisk*, 1995). 
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2.ii CaaEAf[CAL-SPE(3nc HALF-LIVES 

Organic chemicals are naturally degraded in the environment by a variety of processes (i.e., 

photodegradation, microbial activity, hydrolysis, etc.). This HRA incorporates chemical-specific 

deî radation (i.e., environmental half-lives) to evaluate tiie environmental degradation of tiie 

or||;iuuc (̂ OIs in soil for the calculation of RGs (Section 4.4). Environmental half-lives are a 

ch;'.mical-specific measure of the amount of time necessary for the chenucal concentration to 

decrease by one half. Half-lives vary for specific chemicals based on environmental conditions 

(i.i»., presence of bacteria, pH, exposure to sunlight and oxygen). 

Tlie chemical-specific half-lives of the organic COIs are presented in Table 2-5. Literature 

re>orted (Howard et al., 1991) and USEPA (1986) values are both presented for comparison 

purposes. The "high" value represents the longest (slowest) half-life reported for a specific 

chemical while tiie "low" value represents the shortest half-life. The high value from Howard 

et al. (15)91) for each PAH was used in this HRA to ensure that the degradation rate was not 

* " ON er-estimated. The half-lives were used to calculate the time-averaged concentrations of the 

Pî vHs, and are incorporated into tiie RG calculation (Section 4.4). 

T<:)xicitv of PAHs To Soil Microbes 

Because this HRA derives RGs for soil based on chemical-specific environmental half-lives for 

PAHs, it follows that an evaluation of tiie microbial toxicity of PAHs to microbes should be 

addressed. Biological transformation, or breakdown of chemicals by microscopic organisms, 

is liie primary process affecting the degradation of PAHs in environmental systems (Sims and 

Overcash, 1983). However, many other processes occur as well including low levels of 

voiatiliz;ition, photodegradation, and abiotic loss (ATSDR, 1993). Because microorganisms 

p:x)vide the primary degradation process for tiie PAHs, inhibition of this action was investigated. 

P \Hs aie degraded by microorganisms by the transformation of the aromatic nucleus (Cemiglia, 

1 )81; Gibson, 1977; Park et al., 1990). First, bacteria oxidize PAHs by ttie incorporation of 

tA'/o atoms of oxygen into the substirate to form a cw-configuration dihydrodiol (Dagley, 1971; 

Ciibson, 1977; Park et al., 1990). This cw-dihydrodiol is further oxidized to a catechol which 
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is iltimately tiie substrate for transformation by dioxygenase that causes tiie fission of tiie 

aromatic rings (Dagley, 1971; Gibson, 1977; Park et al., 1990). Fungi work via a different 

mechanism. Specifically, fungi oxidize PAHs via cytochrome p-450 catalyzed monooxygenase 

and epoxide hydrolase reactions to /ron^-dihydrodiols (Cemiglia, 1981). 

Widle m<my researchers have studied the rate of microbial and bacterial degradation of the 

PiAHs, very few have investigated the tolerable loading of PAHs in soil systems that will 

preclude microbial degradation due to overt toxicity. One study was located in the literature 

which determined maximum loading rates that would result in linuted toxicity to soil 

microorgianisms and not inhibit active degradation (Matthews and Hasting, 1987). This research 

utilized vv'ood preserving wastes of creosote (WPC), pentachlorophenol (WPP) and technical 

gr.ide cnjosote (TGC) (Matthews and Hastings, 1987). Using the Microtox™ system of 

measuring bacterial bioluminescence as the indicator of toxicity, these researchers determined 

a inaximum loading rate for each mixture. The authors relied upon two separate laboratories 

to determine the precision of tiieir results and to evaluate interlaboratory variation. The results 

rex)rted indicate tiiat 10,000 - 20,000 mg/kg and 9,000 - 18,000 mg/kg, reported by tiie two 

lalwratories, is the maximum loading rate for WPC wastes. For TGC, 7(X) - 1,400 mg/kg and 

6C0 - 1,200 mg/kg were reported by the two laboratories. 

It is impjrtant to note that no chemical-specific analyses were conducted on the WPC or TGC, 

ar d as a consequence, the PAH concentration in these mixtures is not known. Despite this, the 

results may still be used in this HRA as a semi-quantitative indicator of potential degradation 

injpairment at the Soutii Works site. Even considering the lowest reported loading rate (600 

mg/kg for TGC), it may be concluded that the concentrations of PAHs detecttjd at the South 

\N'orks site would not be expected to be toxic to the soil microorganisms responsible for the 

d(!:ip:adation of PAHs because maximum measured levels of PAHs are more than 100 times lower 

tl an this concentration. Therefore, the incorporation of environmental half-lives for the PAHs 

ir tills t[RA is appropriate. 
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TABLE 2-1 

/-TEST COMPARISON OF MEANS OF PRELIMINARV INORGANIC CONSTITUENTS OF INTEREST VS. 
MEAN REGIONAL BACKGROUND CONCENTRATIONS 

SOUTH WORKS SITE 

1 Chemical 

1 Antimony 

1 Arsenic 

1 Beryllium 

1 Cadmium 

1 Lead 

Manganese 

Vanadium 
• — r r 1 1 

1 Background 
Arithmetic Mean 

± Standard Deviation 
(mg/kg) 

0.52 ± 0.67" 

7.4 ± 2.5^ 

0.36 ± 0.59' 

0.45 ± 0.39" 

38 ± 60' 

640 ± 1.431" 

62 ± 22' 

Degrees of 
Freedom 

45 

65 

54 

45 

149 

45 

49 

Calculated / Value 

1.85 

-2.92 

7.10 

2.73 

3.65 

4.66 

0.15 

Table t Value 

1.68 

1.67 

1.67 

1.68 

1.66 

1.68 

1.68 

Above Background 
(Chemical of Interest) | 

YES 

NO 

YES 

YES 

YES 

YES 

NO 

a Table is based on a 95% confidence limit and the indicated degrees of freedom; if the calculated i value is greater than the Table T value, then the site 
concentration exceeds background, 

b Background reported for eastern US soils (Dragun and Chiasson, 1991). 
c Background reported for Illinois soils (Dragun and Chiasson, 1991). 
d Background reported for Michigan soils (Dragun and Chiasson, 1991). 
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TABLE 2-2 

STATISTICAL SUMMARY OF SURFACE AND SUBSURFACE SOIL 
DATA FOR THE CHEMICALS OF INTEREST 

AT THE SOUTH WORKS SITE 

<ll|. 9 

Chemical of Interest 
Concentration 

Range 
(mg/kg) 

Detection 
Frequency 

Arithmetic | 
Mean 1 

Concentration | 
(mg/kg) 1 

INORGAMG CdNSTTTOENTS | 

Antimony 

Beryllium 

Cadmium 

Lead 

Manganese 

• • • < 

Benzo(a)pyrene 

Benzo(a)antiiracene 

Benzo(b)fiouranthene 

Dibenz(ah)anthracene 

Indeno(l ,2,3-cd)pyrene 

1.35 - 64.7 

0.14-9.8 

0.135-89.1 

0.005 - 3,200 

30.1 -35,900 

DRGANIC CONsrm 

0.115 - 1.7 

0.12- 1.7 

0.12- 1.6 

0.022 - 0.57 

0.12- 1.3 

2/48 

46/48 

34/48 

131/131 

46/48 

JENTS 

11/48 

9/48 

12/48 

7/48 

11/48 

3.23 

3.25 

5.72 

163 

6,400 

0.42 

0.38 1 
0.44 1 

0.22 1 

0.34 1 
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TABLE 2-3 

STATISTICAL SUMMARY OF SURFACE SOIL DATA 
FOR THE CHEMICALS OF INTEREST 

AT THE SOUTH WORKS SITE 

* i # 

Chendcal of Interest 
Concentration 

Range 
(mg/kg) 

Detection 
Frequency 

1 
Mean 

Concentration 
(mgi'kg) 

:•;• . . • • • • • • iNOWMMCXONSITIUEI^re--•.••••.•;.•:..:/--^:-:;:;^^ 

1 :Bery l ] ium 

1 C a d m i u m 

II .Lead 
1 Manganese 

| : ; - : " • • • < 

1 Benzo(a)pyrene 

1 Benzo(a)anthracene 

1 Benzo(b)flourantiiene 

1 Dibenz(ah)anthracene 

Indeno(l ,2,3-cd)pyrene 

0 .14-9 .3 

1.1 -89.1 

0.05 - 3,200 

378 - 29,900 

GliRGANIC CONSxrn 

0.12- 1.7 

0.12- 1.3 

0.15 - 1.6 

0.022 - 0.57 

0 .12-1 .3 

23/23 

18/23 

63/63 

23/23 

[JENTS 

10/12 

7/12 

8/12 

6/12 

9/12 

3.48 1 
7.80 1 

267 1 
6,140 1 

0.520 1 

0.403 

0.55 

0.224 

0.403 

Note: .^timony is not presented on this table as it was not detected in surface soils above the 
limit of detection. 
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TABLE 2-4 
SOUTH WORKS SEDIMENT DATA AND L KGROUND SEDIMENT AND SOIL DATA 

II 
H 

1 Parameters 

1 Aluminum 

H Arsenic 

11 Barium 

1 Beryllium 

1 Calcium 

1 Cadmium 

1 Cobalt 

1 Chromium 

II Copper 

n Iron 

1 Mercury 

1 Potassium 

1 Magnesium 

1 Manganese 

1 Sodium 

1 Nickel 

Lead 

1 Thallium | 

H Vanadium | 

1 '̂'̂ ^ 1 

Sediment 
1 Concentration 
1 <mg/kg) 

5,618 

9.3 

44.12 

1.82 

50.540 

4.2 

12.1 

42.5 

56.8 

28,800 

0.21 

1039 

23,280 

958 

194 

20.9 

122 

0.32 

22 

339 

1 ft«—: _ c„—*i- Yir». i ,« 

1 Sediment 
Concentration 

1 (ni|$/kg) 

1 7,210 

11.5 

60.4 

2.1 

56,600 

7.2 

14.5 

70.1 

73.2 

47,100 

0.56 

1,210 

26,600 

1,200 

225 

27.6 

272 

0.43 

34.2 

478 

Calumet Sediment Quaitty 
Concentration Range * 

(mg/'kg) 

60,100-115.600 

11.4-37.0 

<20 - 490 

<1 .0 - 1.2 

56,000 - 123,000 

1.0-6.0 

9.0-21.0 

6.6 - 1,330 

23.0 - 220 

10,000 - 68,500 

0.10-0.31 

19,200 - 32,900 

35,500 - 57,720 

70,000 - 150,000 

5,000 - 10,600 

7.0 - 90.0 

64.0 - 308 

4.0 - 40.0 

12.0 - 60.0 

84.0 - 1,025 

Harbor Sediment Quality 
Concentratioa Range *" 

1 / n.-\ 

NA 

0.4 - 46.0 

23.0 - 168.0 

NA 

NA 

0.9 - 13.0 

NA 

23.0 - 133 

34.0 - 100 

22,000 - 54,000 

<0.01 - 0.66 

NA 

NA 

600-2,100 

NA 

15.0 - 50.0 

50.0 - 656 

NA 

NA 

280 - 2.300 

Baclcground aioiis' 

1 Range 

700 - > 100,000 

< l . 0 - 9 7 

10 - 5,000 

<1 .0 -15 

100 - 320,000 

n.d.-11 

<3.0 - 70 

1.0-2,000 

< 1.0-700 

100 - 100,000 

<0.0I -4.6 

50 - 63,000 

50 - > 100,000 

<2.0-7,000 

<500 - 100,000 

<5.0 - 700 

<10 - 700 

<0.25 - <3.4 1 

<7.0 - 500 

<5.0 - 2,900 

1 Mean 

72,000 

7.2 

580 

0.92 

24,000 

— 

9.1 

54 

25 

26,000 

0.09 II 

15,000 

9,000 1 

550 1 

12,000 

19 

19 

— 1 

80 

60 

* U.S. EnvironmenUl Protection Agency, Region V, Invenloiy of Contaminated Sediment Sitei (Interim Venion 7/31/92). 
* U.S. Army Coipi. of Engineers (1984) (Contract No. DACW23-84-O.0012) Water Quality Monitoring Chicago At«a Connned Diipoial Facility. 
* Dragun and Chiation, 1991. Values are for soils of the conterminous USA. 
NA Not available. 
n.d. Non-deteci. 
— Not evaluated. 
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TABLE 2-5 

ENVIRONMENTAL HALF LIVES FOR THE 
ORGANIC CHEMICALS OF INTEREST IN SOILS 

SOUTH WORKS SITE 

Che!(nica]s of Interest 

Benzo(a)antiiracene 

Ben2o(a)pyrene 

Benzo(b)fluoranthene 

Dibenz(a,h)antiiracene 

Indeiio(l ,2,3-cd)pyrene 

Howard etat 

High 
(days) 

680 

530 

610 

940 

730 

f. (1991)' 

Low 
(days) 

102 

57 

360 

361 

600 

U.S. EPA (1986a) " | 

High 
(days) 

5.5 

480 

5.5 

5.5 

5.5 

Ix>w 
(days) 

1 

420 

1 

0.0208 

0.0208 1 

t. Data for soils only. 
b Data for air, soil, and water combined. 

<l! I f 
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3.0 DC SE RESPONSE ASSESSMENT 

]3ose response assessment is the process of characterizing the relationship between the dose of 

a cheini ::al agent and the ft-equency of an adverse healtii effect in an exposed population. The 

dose ir the quantity of the chemical that enters the body tiirough a specific exposure route. The 

dose response relationship is often established under controlled conditions to minimize responses 

due tci confounding variables. Mathematical models are used to extrapolate ihe relatively high 

doses administered to animals to predict potential human responses at levels far below those 

tes ed in animals. Humans are typically exposed to environmental contaminants at levels much 

lo ver than tiiose tested in animals. Such doses may be detoxified or rendered inactive by tiie 

(̂iif myriad of protective mechaiusms that are present in humans (Ames, 1987). Consequentiy, the 

results of standard bioassays are of linuted use in accurately predicting a dose response 

relationship in humans. In addition, the human population is likely to have a wider range of 

responses to toxic agents than the small groups of well controlled, genetically homogenous 

anim<ds used in exposure studies. As discussed further in this section, to correct for the wider 

range of intraspecies variability among humans, the USEPA incorporates uncertainty or safety 

factoids when setting toxicity criteria. 

Dose-response information or toxicity criteria for the noncarcinogenic effects and carcinogenic 

effect of each COI evaluated at this site have been obtained from: Tlie Integrated Risk 

Information System (IRIS) (USEPA, 1995b); tiie Health Effects Assessment Summary Tables 

(HE^vST) (USEPA, 1993a) and tiie Threshold Limit Values (JLVs) for Chemical Substances and 

Physical Agents (ACGIH, 1994). Complete toxicity profiles for the COIs are provided in 

Appeindi;!. C. 
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The ILVs are nonpromulgated standards developed by the American Council, of Governmental 

Indusiiial Hygienists (ACGIH) for the protection of workers in occupational seOings. The TLVs 

will only be used to evaluate short-term exposure to workers (i.e., a construction worker 

scenario) and their use is discussed in detail in Section 3.1. The appropriate chemical specific 

dose-response criteria will be combined with the uptake or exposure rates in the Exposure 

Assessment (Section 4.0) to derive the RGs. 

Based on USEPA toxicity criteria, the COIs at the South Works site that were evaluated as 

noncarcinogens are: 

• antimony, 
• cadmium, 
• lead, and 
• manganese. 

COIs at the South Works site that were evaluated as carcinogens are: 

benzo(a)pyrene, 
m tf • benzo(a)anthracene, 

dibenz(a,h)anthracene, 
indeno( 1,2,3-cd)pyrene. 
beryllium, and 
cadmium (for inhalation exposures only). 

3.1 NONCARCINOGENIC D O S E - R E S P O N S E ASSESSMENT 

The ]X)tential noncarcinogenic healtii effects associated with exposure to tiie COIs were evaluated 

using acceptable daily intake levels established by tiie USEPA (1993a, 1995a) and ACGIH 

(1994). It is widely accepted that most noncarcinogenic effects of chemicals occur only after 

a threshold dose is exceeded (Klaassen et a l . , 1986; Paustenbach, 1989a). For the purposes of 

estattUshing noncarcinogenic health criteria, this threshold dose is usually estimated from the no-

observed adverse effect level (NOAEL) or lowest-observed adverse effect level (LOAEL) 

detennined in chronic animal or human studies. The NOAEL is defined as tiie highest dose at 

whic h no adverse effects appear, while the LOAEL is the lowest dose at which adverse effects 

begin to appear (Klaassen et al . , 1986). The LOAEL or NOAEL from tiie most sensitive animal 
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or human study is used by the USEPA to establish long-term health criteria, termed reference 

doses (RfDs). The RfD is a daily uptake level (mg/kg-day) for the human population, including 

sensitive subpopulations, that is not expected to cause adverse health effects over a lifetime of 

exposure (USEPA, 1989a). 

The oiral KfD is developed from a NOAEL for tiie most sensitive or critical adverse health effect 

based in part on the assumption that if the most critical effect is prevented, then all toxic effects 

iire prevented (USEPA, 1989a). Derivation of the inhalation RfD is similar to tiiat of the oral 

RfD. However, the actual analysis is more complex than for oral exposures due to the dynamics 

of the respiratory system and its diversity across species (USEPA, 1989a). 

In an attempt to account for limitations in the quality or quantity of available toxicological data, 

uncertainty factors are used with NOAELs (or LOAELs) to set RfDs for noncarcinogenic 

effects. Generally, an experimental NOAEL is divided by an uncertainty factor ranging from 

ten to ten thousand. A factor of ten is used to account for uncertainties in extrapolating animal 

data to human health effects; anotiier ten-fold factor accounts for differences in sensitivity witiiin 

tiie human population; a third ten-fold factor is used if the available data base is incomplete and 

a fourth ten-fold factor is used if the exposures were for a partial lifetime (i.e., subchronic). 

In cases where the data do not meet all the conditions for one of these categories and appear to 

fall between requirements for two categories, an intermediate uncertainty factor (usually three) 

is us«xi. It should be noted that RfDs are generally very conservative, i.e., health protective, 

because of the use of large uncertainty (safety) factors. 

The RfDs established by tiie USEPA and TLVs established by ACGIH for tiie COIs at tiie Soutii 

Worlcs site are presented in Table 3-1. Table 3-2 presents the critical effect that serves as the 

basis for the toxicity criteria developed by the USEPA. Currentiy, there are no promulgated 

RfD criteria for the five PAHs that are COIs at the South Works site because noncarcinogenic 

effects are only observed at dose levels higher than those that ultimately result in a carcinogenic 

response. These PAHs will be evaluated on tiie basis of carcinogenic effects only using USEPA 

carcinogenic healtii criteria for these constituents. This approach is conservative (i.e., health 
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protective) since RGs protective of carcinogoiic responses will also i}e protective of 

noncai'cinogenic responses. 

'!rhe inhalation of particulates from suspmded soil is addressed in tins HRA for a construction 

ŝ cenaiio since construction activities during redevelopment of the site may generate dust (Section 

4.3.3). Consequentiy, tiie potential healtii effects due to worker exposure (eight hours pa* day; 

five days per week) were evaluated using acceptable exposure levels, TLVs, established by 

ACGIH for the noncarcinogenic COIs. TLVs are airborne concentrations of chemicals and 

represent conditions under which it is believed that nearly all workers may be repeatedly exposed 

day after day witiiout adverse health effects (ACGIH, 1994). 

TLVs for manganese and antimony were used in tiiis assessment to evaluate ix)tential effects to 

constiTiction workers (Table 3-1). The TLV for manganese dust and compounds (5 mg/m' as 

a ceiling value) is considered protective of the potential acute and chronic effects of manganese 

on tiie pulmonary and centi:al nervous systems (ACGIH, 1991). This conclusion was reached 

by ACGIH after review of case and epidemiological studies involving workers exposed to 

manganese at high concentrations (approximately 100 mg/m^). Workers exposed continuously 

to average concentrations of 5 mg/m^ or less showed no signs of manganese poisoning (Firm et 

al., 1940; Davies, 1946; Tanaka and Lieben, 1969). Additionally, tiie TLV for manganese is 

consistent with the Occupational Safety and Health Administration's (OSHA) permissible 

exposure limit (PEI.) which is a promulgated standard for the protection of worker health from 

the chronic health effects such as manganese fume poisoning, lung damage, and pneumonia 

(AC(JIH, 1991). The USEPA inhalation RfD for manganese is considered questionable and is 

currentiy being reevaluated by USEPA (Valesquez, pers. comm., 1995). Therefore, tiie TLV 

and PEL were deemed the most appropriate regulatory standards for manganese for the 

evaluation of short-term construction worker exposure. 

Tlie n.V and PEL for antimony of 0.5 mg/m^ were developed to be protective of chronic heart 

disease, high blood pressure and ulcers observed among workers exposed to high levels of 

antinony. However, the toxicological evaluation on which the antimony stjmdards were set is 
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quite linuted, and the data were infiuenced by exposures to chemicals other th;an antimony. An 

inhalation RfD for antimony has not been developed by USEPA. 

It should be recognized that the inhalation RfD represents the dose to which even a sensitive 

individual may receive continuously for a lifetime witiiout risk of deleterious health effects, 

while the TLVs and PELs are designed to be protective of long-term exposure to workers for 

a 40 hour work-week. For this reason, TLVs are only applicable in this HRA for the short-term 

(1 year) construction worker exposure scenario evaluated. An inhalation RfD for antimony has 

not been developed, and inhalation RfDs are not available for beryllium or cadmium. However, 

die USEPA has verified carcinogenic health criteria for beryllium and cadmium which are used 

in this HRA for all scenarios. 

USEF'A has not verified toxicity criteria (RfDs or slope factors) for lead, and as a consequence, 

blood lead concentration modeling was performed to evaluate the potential hazard to lead in site 

soil and to set RGs. Three modeling approaches were evaluated: the physiologically-based 

pharmacokinetic model developed by Dr. Ellen O'Flaherty (O'Flaherty, 1991a,b,c; 1993,1995), 

tiie irSEPA Integrated Exposure Uptake Biokinetic (lEUBK) model for children (USEPA, 

1994a), and a USEPA-modified version Bowers et al., (1994) model for adults. These modeling 

approaches and results are discussed in Section 4.5. 

3.2 CARCINOGENIC DOSE-RESPONSE ASSESSMENT 

The accepted regulatory approach generally assumes that potentially carcinogenic chemicals 

should be treated as if tiiey have no tiireshold of activity (Paustenbach, 1989a). To estimate 

theoretically plausible responses at low doses, various mathematical models, which describe the 

expected quantitative relationship between risk and dose, can be used (Paustenbach, 1989a,b). 

The mathematical model currentiy used by the USEPA for low-dose extrapolation is tiie 

linearized multistage model (LMS). This model is based on tiie multistage theory of tiie 

carcinogenic process. This suggests that a cell may go tiirough a sequence of specific changes 

(stages) before reaching a malignant state. The LMS model is used in USEPA carcinogen 
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assessments to estimate the dose response characteristics of carcinogens at low exposure levels 

typiciilly encountered in the environment because it assumes linearity between dose and effect 

(the most conservative assumption) to zero dose (i.e., no threshold for carcinogenicity). The 

slope of the dose-response curve at low doses, the "slope factor," is used as a measure of the 

carcinogenic potential of a chenucal; the higher the slope factor, the greater the carcinogenic 

potential. 

Health risks for exposures to carcinogens are defined in terms of probabilities. These 

probiibilities identify the likelihood of a carcinogenic response in an individual that receives a 

given dose of a particular constituent. The slope factor (SF), expressed in units of (mg/kg-

day)', multiplied by the daily human intake (dose) of the chemical, provides an estimate of the 

theoretical excess risk of developing cancer. 

The following USEPA Weight of Evidence Classification was used to determine which COIs will 

be e /̂aluated for potential carcinogenic effects: 

Group A Human Carcinogen (sufficient evidence of carcinogenicity in 
humans) 

Group Bl Probable Human Carcinogen (limited evidence of carcinogenicity 
in humans) 

Group B2 Probable Human Carcinogen (sufficient evidence of carcinogenicity 
in animals with inadequate or lack of evidence in humans) 

Group C Possible Human Carcinogen (limited evidence of carcinogenicity 
in animals or lack of human data) 

Group D Not Classifiable as to Human Carcinogenicity (inadequate or no 
evidence) 

Group E Evidence of Noncarcinogenicity for Humans (no evidence of 
carcinogenicity in adequate studies) 

The COIs are presented witii tiieir ratings in Table 3-1. According to USEPA guidance (1989a), 

only those chemicals with a Group A, B (Bl or B2), or C ranking were addressed for possible 

L:\vssswaiiKf*A(nxn 3 - 6 C H E M R I S K ' - A DIVISION OF M C L A R E N / H A R T 



^I l l l l l l * ' 

LJSX ;;outii Works August 25, 1995 

carcinogenic effects. For this HRA, the COIs addressed for possible carcinogenic effects are: 

benzo( a)anthracene, benzo(a)pyrene, benzo(b)fiuoranthene, dibenz(a,h)anthracene, indeno(l ,2,3-

cd)pyiene, beryllium, and cadmium <for the inhalation pathway only). 

Clarcinogenic Evaluation of tiie PAHs 

Ifhe current USEPA approach for addressing potential relative carcinogenic potency was used 

for evaluating the PAHs in this assessment. In July 1993, the USEPA Office of Research and 

IDevelopment issued Provisional Guidance for Quantitative Risk Assessment of Polycyclic 

Aromatic Hydrocarbons (USEPA, 1993d). This publication provided guidance for assigning a 

relative carcinogenic potency (RCP) to specific PAH compounds based on the potency of 

l)enzo(a)pyrene. RCPs have been derived for six PAH compounds: benzo(a)anthracene, 

t)enzo(b)fiuoranthene, benzo(k)fiuoranthene, chrysene, dibenz(ah)anthracene, and indeno( 1,2,3-

(xi)py]rene. The relative carcinogenic potencies of these PAHs were estimated from the potency 

of benzo(a)pyrene [7.3 (mg/kg-day')]. The table below presents the RCPs used in this 

assessment for the Group B2 PAHs that are COIs at the South Works site. It is important to 

note that tiie resulting slope factors from the RCP approach are the same as those used in 

USEF'A Region Hi's Risk-Based Concentrations (USEPA, 1995a). 

Chemical 

Benzo(a)pyrene 

Tten7X>(a)antiiracene 

Benzo(b)fluoranthene 

Dibenz(a,h)antiuacene 

Indeno( 1,2,3-cd)pyrene 

Relative Carcinogenic Potency 

1.0 

0.1 

0.1 

1.0 

0.1 

Thes(j relative potencies were used in this HRA to calculate remediation goals for the PAHs 

present at tiie Soutii. Works site. 
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TABLE 3-1 

HEALTH CRITERIA FOR THE CHEMICALS OF INTEREST 

1 Chemical of Interest 

1 Benzo(a)anthracene 

1 Benzo(a)pyrene 

1 Benzo(b)fluorantfiene 

1 Dibenz(a,h)anthracene 

1 Indeno(l,2,3-cd)pyrene 

1 Antimony 

1 Beryllium 

1 Cadmium 

1 Manganese 

Oral 

RfD' 
(mg/l<g-day) 

NI 

NI 

NI 

NI 

NI 

4.0 X 10^ 

5.0 X 10' 

5.0 X 10^ 

1.4 X 10' 

SF* 
(mg/kg-day)' 

7.3 X 10' 

7.3 X 10° 

7.3 X 10-2 

7.3 X 10" 

7.3 X 10' 

NA 

4.3 X 10° 

NA 

NA 

RfD' 
(mg/kg-day) 

NI 

NI 

NI 

NI 

NI 

NI 

NI 

NI 

1.43 X 10-' 

Inhalation 

SF* 
(mg/kg-day)'' 

NI 

NI 

NI 

NI 

NI 

NI 

8.4 X 10° 

6.3 X 10° 

NA 

ACGIH 
TLV 

(mg/m^ 

NA 

NA 

NA 

NA 

NA 

0.5 

— 

— 

5 

USEPA 
Group 

Classification 

B2 

B2 

B2 

B2 

B2 

NS 

B2 

Bl 

NS 

dose, USEPA, 1995a; !995b. 
b Slope fector; USEPA, 1995t; 1995b. 
c American Conference of Govenunental Industrial Hygienists Threshold Limit Values (ACGIH, 
NI Not issued by the USEPA. 
NA Not available, chemical not carcinogenic by this pathway. 
NS Not sUted. 

Chemical evaluated on the basis of carcinogenic effects. 

1994). 
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TABLE 3-2 
BASIS OF USEPA TOXICITY CRITERIA 

Chemical of 
Interest 

Primary Toxic Effect' 

Inhalation Oral 

ikORGANIC CONSTTITJENTS 

Antinony NA Myocardial damage 

Beryllium Lung and bone cancer Bone cancer 

Cadmium Lung cancer Kidney damage 

Î ead Neurological impairment Neurological impairment in children 

Man;!;anese CNS damage in older adults CNS damage in older adults 

O R G A N I C CONsnTCENTS 

Benzi3(a)py]rene Lung & liver cancer Liver cancer 

%r,0y 
Benzo(a)anthracene Lung & liver cancer Liver cancer 

Benzo(b)flouranthaie Lung & liver cancer Liver cancer 

Dibeiiz(a,h)anthracene Lung & liver cancer Liver cancer 

Indei io(l ,2,3-cd)pyrene Lung & liver cancer Liver cancer 

a All toxic effects reported from USEPA, 199Sb. 
NA Not available, no adverse health effect reported (USEPA, 1995b). 
CNS Central Nervous System. 
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4.0 EXPOSURE ASSESSMENT 

Exposure assessment is the process through which the exposure of biological receptors to 

substances present in the environment is estimated and/or measured. Exposure assessment 

geneiiilly involves analysis of the following variables: 1) magnitude, duration and route of 

exposure; 2) nature and size of potential receptor populations; and 3) uncertainties associated 

with each variable (NAS, 1983). Exposure assessment is useful in identifying the optimal 

remedial alternative by estimating the likely human exposures associated with future land use 

scemirios or remedial alternatives (Paustenbach et al., 1990). For this HRA, the exposure 

assessment relies upon the exposure pathways, scenarios, and parameters that were provided in 

M'0 the Preliminary Risk Assessment (PRA) and the results of the site-specific bioavailability studies, 

botii of which were approved by the lEPA. 

Exposure pathways are determined by environmental conditions (e.g., location of surface waters, 

groundwater, vegetative cover, prevailing wind direction, meteorological factors), by tiie 

potential for chemical migration from one environmental medium (e.g., soil, water, or air) to 

anotiier, and by the general activities of the potentially exposed populations (e.g., time spent 

injside or outside, level of work activity). Each pathway describes a unique mechanism by which 

a population or an individual may be exposed to a chemical. Although several potential 

pathways may exist, not all may be complete. For a pathway to be complete, the following 

conditions must exist: 

• a source and mechanism of chenucal release to the environment; 

• an environmental transport medium (e.g., air, water, soil); 
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• a point of potential human contact with the medium; and 

• a human exposure route at tiie contact point (e.g., inhalation, ingestion, 
dermal contact). 

The potential for the occurrence of an adverse health effect associated with exposure to a 

chemical depends on the degree of systemic uptake (amount absorbed into the blood and tissues). 

For any route of exposure, the uptake (U) is the product of exposure (E) and tiie absorption 

efficiency or bioavailability (B): 

Uptake = E * B 

^Uthough a number of different factors are used to quantify exposure, tiie mathematical 

relationship shown above holds true for all exposure routes and is expressed as mass of chemical 

per mass of body weight per day (mg/kg-day). 

4.1 EXPOSURE PATHWAYS 

In this HRA, chenucal uptake (or dose) was not quantified. Ratiier, RGs were calculated based 

on the acceptable level of risk (tiieoretical excess cancer risk range of 1 x 10"̂  to 1 x 10"* for 

carcinogens and a hazard index of one for noncarcinogens as discussed further in tiiis section), 

USEPA toxicity criteria (Section 3.0), and measures of exposure and bioavailal)ility. In essence, 

Ihe calculation of RGs is risk assessment in reverse where one starts witii the acceptable level 

of risk and, through traditional risk assessment methodology and equations, derives the soil 

(X)ncentiation associated witii the acceptable level of risk, which are the RGs. 

IBecause the COIs are present in surface and subsurface soil at the South Works site, direct 

(X)nta(;t exposure patiiways are considered potentially complete and were evaluated in this 

assessment. These are incidental soil ingestion, and dermal contact with soil. 
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As discussed in the PRA (ChemRisk*, 1995), ingestion of home grown vegetables was not 

evaluited because the type of residential dwellings planned (condominiums, apartments, etc.) are 

unlikely to support significant home gardening activities in the future. Also, the suspension of 

surface soils to ambient air and subsequent inhalation exposure was not evaluated for future use 

scenarios (residoitial, industrial, etc.) since this pathway is unlikely to be significant (greater 

tiian 1 % of tiie total dose) when compared to the direct contact pathways (Sheehan et al., 1991). 

Further, land cover associated with site developmoit (buildings, pavement and landscsqnng) is 

expected to prevent significant erosion of surface soil. However, the suspension of surface and 

subsurface soils could occur for a site construction scenario as construction activities 

(excavation, movement of heavy equipment) are known to generate considerable dust unless 

suppressants are used. Therefore, the inhalation of locally suspended soil was evaluated as an 

exposure pathway for the construction worker scenario. 

Volatilization of chenucals fit)m tiie soil into ambient air was not addressed since none of tiie 

<i # COIs have a Henry's Law Constant greater than 1 x lO"' atm-m^/mole and a molecular weight 

less than 200 g/mole and, tiierefore by definition, are not likely to volatilize (USEPA, 1991a; 

lEPA, 1992). 

Finality, direct contact with and ingestion of groundwater were considered incomplete pathways 

of exposure because the groundwater is not potable and tiie installation of a domestic use well 

in the City of Chicago is highly unlikely as municipal water is available. Therefore, 

grourdwater was not a media of concern for this risk assessment. 

4.2 iDENTfflCATION O F APPROPRUTE EXPOSURE SCENARIOS 

This section identifies tiie applicable exposure scenarios for potentially exposed individuals in 

the f jhu-e based on proposed land uses for the South Works site once redeveloped. The 

potential for contact with site soils was determined based on site-specific conditions and 

anticipated land uses for the site. 
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B edevelopment of the South Works site could include residential, industrial/commercial, and 

riicreational uses although specific plans have not yet been defined. Therefore, 

ii^dustruti/commercial, residential, and recreational scenarios were evaluated in this HRA. In 

addition, construction workers may be exposed to site surface and subsurface soils during 

niMlevelopment of the site and their potential exposure, although short-term, was quantitatively 

aildressi^. The industrial/commercial scenario accounts for common activities associated with 

individuals working at tiie site five days per week. The recreational scenario accounts for 

uiifreciuent visitation to facilities such as playgrounds, and the construction worker sc^iario 

accounts for exposure for one construction season (assumed to be eight months). The residential 

s:>3narici addresses the highest exposure possible as it assumes that an individual spends all of 

his or her time at the site. The residential land use scenario also incorporates very conservative 

(.e., h<!alth-protective) exposure assumptions. 

Ilie calculated RGs for the future residential, industrial/commercial, and recreational exposure 

«M # scenarios will be applicable to surface soils (0-2 feet) only because these populations are unlikely 

t;> comt: into contact with subsurface soils (more than 2 feet below the ground surface) on a 

regular basis. However, the RGs protective of potential exposures to construction workers 

c tiring site redevelopment were applied to both surface and subsurface soils because these 

vi'orkers are more likely to contact subsurface soils during site redevelopment activities which 

could include soil excavation. If subsurface soils are excavated and brought to the surface 

curing site construction, tiie RGs applicable to surface soil (those for tiie residential, recreational 

and/or industrial/commercial scenario, as appropriate) should be applied to the excavated soil. 

Only adult exposure (individuals 18 to 70 years old) was quantified for the industrial/commercial 

<rid construction scenarios because children are not expected to be present at an operating 

iiidustriaL'commercial facility or at an active construction site on a regular basis. For the 

I esidendal and recreational scenarios, exposures to all age groups (0 to 70 years) were evaluated 

(IJSFiPA, 1989a). It is important to note that die USEPA has provided sufficient guidance for 

conducing exposure evaluations for tiie industrial/commercial and residential scenarios. 

I AUSS\fwoiiKSv«AvrEXT4 ^ C H E M R I S K ' - A DIVISION OF M C L A R E N / H A R T 



USX Soutii Works August 25, 1995 

However, very littie guidance exists for quantifying eitiier the recreational or construction 

>vorker exposure scenarios. Therefore, these scenarios were quantified using "best professional 

judgement," site-specific exposure parameters (where available) and conservative estimates of 

exposure potential. RGs were calculated for the residential, industrial/commercial, recreational, 

<md amstruction worker scenarios for two exposure levels as described below. 

Maximally Exposed Individual 

The maximally exposed individual (MEI) is the single individual with the highest potential 

exposure in a given population. This term has historically been defined in various ways 

(including the definition above) and is synonymous with the "reasonable maximum exposure" 

(;RME,) or "upper bound" estimate (USEPA, 1992b). The MEI was determined by using upper 

bound estimates for key exposure parameters, such as the 95th percentile estimates for exposure 

duration, frequency and intake rates. The MEI was calculated based on a combination of upper-

bound and median exposure parameters from tiie USEPA risk assessment guidance (USEPA, 

.*,» 1989a; 1991b). 

The most likely exposed individual (MLEI) is tiie individual with tiie median (50tii percentile) 

or avttrage exposme in a given population. The MLEI is synonymous with the central tendency 

(CT) estimate, and was calculated using the median or average values of the exposure parameter 

distributions to represent a probable or more likely exposure scenario. The exposure parameters 

used for the MLEI were taken from botii regulatory guidance and tiie scientific literature. 

The advantage of using the MEI and MLEI scenarios in the exposure assessment is that the 

resulting range of RGs provide some measure of the uncertainty associated v̂ dth the worst case 

estimates. This type of approach, where the range of risk estimates is determined, is 

recommended in lEPA risk assessment guidance (lEPA, 1992). Additionally, by developing 

cleanup levels for the two exposure levels, it may not be necessary to apjrfy the worst-case 
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cleanup levels (those based on the MEI) to any "hot spot" areas of tiie site when cleanup levels 

based on the expected avenge exposure levels for tiiese isolated areas may be more reasonable. 

The exposure scenarios, pathways and media evaluated in this HRA are summarized below: 

% t S 

RESICDENIIAL 
SCENARIO 

EXPOSURE 
PATHWAY 

Incidental 
Ingestion 

(surface soil) 

Dermal Contact 
(surface soil) 

RECREATIONAL 
SCENARIO 

EXPOSURE 
PATHWAY 

Incidental Ingestion 
(surface soil) 

Dermal Contact 
(surface soil) 

INDUSTRIAL/COMMERCIAL 
SCENARIO 

EXPOSURE 
PATHWAY 

Incidental Ingestion 
(surface soil) 

Dermal Contact 
(surface soil) 

CONSTRUCnON i 
SCENARIO | 

EXPOSURE 
PATHWAY 

Incidental Ingestion 
(surface/subsurface 

soU) 

Dermal Contact 
(surface/subsurface 

soil) 

Inhalation of 
Suspended 
Particulates 

(surface/subsurface 
soil) 

The RG calculations and parameters used to quantify potential chemical uptake from each 

complete exposure pathway are presented in more detail in the following sei:tions. 

4.3 EXPOSURE PARAMETERS 

In this section, the exposure parameters used for each complete exposure pathway [i.e., soil 

ingestion, dermal contact and inhalation of Icx̂ ally suspended soil (construction scenario only)] 

are described. The exposure parameters were used to calculate the level of uptake of soil using 

the exposure rate equations described in Section 4.4. The rate of soil uptake is used with the 

accejDtable or safe daily doses established by tiie USEPA to determine the RGs. The exposure 
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{larameters used in the assessment are presented in Table 4-1. A discussion of each of the 

j>arameters is provided m this section-

4.3.1 General Exposure Parameters 

ISxposure Duration 

The ê cposure duration for the residential scenario is the fraction of a lifetime an individual nught 

impend at one's home. The USEPA uses a default value of 30 years to represent the upper bound 

of residential tenure (USEPA, 1989a; 1991b). This value was used as the exposure duration for 

the MEI adult residential and recreational evaluations since residents are also likely to participate 

in recreational activities. This period is divided mto two categories: 6 years as a child and 24 

years as an adult. An exposure duration of 9.3 years was used for the MLEI. This value is the 

median residoice time based on national census data of actual single-family housing statistics 

i^SEPA, 1989d). It is most conservative to assume tiiat 6 years of the 9.3 years is spoit as a 

« * child, and the remaining 3.3 years as an adult because the intake or dose by the soil ingestion 

iuid disrmal contact pathways (in milligrams of chemical per kilogram body weight per day) is 

higher for a child than an adult. 

The exposure duration for tiie industrial/commercial scenario is tiie amount of time (years) an 

adult individual works at one job. The Bureau of Labor Statistics (1990) has described tiie 

distribution of worker tenure in the United States. Because there is no reason to believe that 

worker tenure will be significantiy different for those industries and commercial establishments 

to be developed on-site as compared to national statistics, the data from tiie Bureau of Labor 

Statistics was used in the assessment. The exposure duration for the MLEI in this assessment 

is the 50th percentile of tiie occupational tenure distiibution (4.5 years). For the MEI, tiie 

USEI'A default value of 25 years, representing the 90tii percentile of the distiibution, was used 

(USEPA, 1989a; 1991b). 
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The exposure duration for tiie construction worker scenario was one year representing one 

(X>nstruction season. While construction and redevelopment of the site may take more than one 

iieason, direct contact with soil is likely to be limited to one year as an upper-bound estimate 

based on professional judgement. This value was used for both the MEI and MLEI. 

Exposure frequency accounts for time spent away from the site (i.e., outside of the exposure 

realm). For the industrial/commercial and construction worker scenarios, it v̂ as conservatively 

iissumed that an adult worker will spoid five days per week at the site. For 

industrial/commercial workers, exposure is expected to occur for 50 weeks per year at the site 

(250 days/year) for botii tiie MH and MLEI evaluations (USEPA, 1989a; 1991b). For 

(X)nstiiiction workers for botii the MEI and MLEI evaluations, the exposure fiequency accounts 

for five days per week at the site for a construction season of eight months (160 days/year). For 

the MEI and MLEI residential scenario, the USEPA default value of 350 days/year, accounting 

%•}»' for approximately two weeks away from the site per year, was used for both children and adults 

(USEPA, 1989a; 1991b). 

No guidance has been issued by the USEPA or the lEPA on the exposure frequency that should 

be usi:d for a recreational scenario, and no guidance was located in the scientific literature. 

Therefore, it was necessary to rely upon best professional judgement to determine this 

parameter. An exposure fiequency of 104 days/year was determined to be reasonable for the 

South Works site assuming both adults and diildren might frequent tiie area designated for 

recresitional use 2 days per week. It follows that tiiis value may underestimate tiie amount of 

time spent in the recreational area during the summer months. However, it more than likely 

overestimates the time spent at the site during the winter months. Therefore, it is concluded that 

tius value is conservative enough not to underestimate the total number of days an adult or child 

might visit the recreational areas. This value was used for both the MEI and MLEI recreational 

evaluations. 
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Meteorolo^cal Factor 

A meteorological factor was used to account for that fraction of tiie year during which exposure 

to chemicals in soils may occur (Sheehan et al., 1991; USEPA, 1989a). Since most individuals 

would not be expected to directiy contact soil when it is raining, when there is snow on the 

g;round or when tiie ground is frozen, tiie firequency of contact with potentially impacted soil was 

sidjusttxi for site-specific meteorological conditions (USEPA, 1989a). This factor was used for 

toth die MEI and MLEI evaluations for the residential, industrial/commercial, and recreational 

scenarios, but not for the construction scenario as construction workers are known to work 

through reasonably bad weather and since the exposure fiequency is limited to eight months. 

Climatic data for Chicago was reviewed to determine tiie number of days on which a tentii of 

an inch or greater of precipitation fell and the high temperature did not exceed 32°F. Based on 

ten years of meteorological data (1970-1979) provided by USEPA (1995c), on average, 73 

days/year receive 0.1 inches or more of precipitation, and there are typically 77 days/year with 

^n' a mean temperature of 32T. Accounting for days when both events occur (10 days/year) a 

meteorological factor of 62% (73 + 77 - 10 = 140; 365 - 140 = 225; 225 ^ 365 = 0.62 x 

1(X)%) was derived. Thus for the MEI evaluations, it was assumed that exposure to the future 

lesident, industrial/commercial worker, and recreator will only occur 62% of the time due to 

weather restrictions. 

For tiie MLEI evaluations, the same climatic data was reviewed for the number of days on 

which a hundredtii of an inch or greater of precipitation fell and the high temperature did not 

exceed 32T. Using the same approach as presented above, on average 118 days/year receive 

0.01 inches of precipitation or more, 77 days/year witii a mean temperature of 32T, and 21 

iJays/}̂ ear when botii events occur. Therefore, a meteorological factor of 52% (118 + 77 - 21 

= 174, 365 - 174 = 191; 191 ̂  365 = 0.52 x 100%) was derived. 
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Ikxly Weight 

Seventy kilograms is the standard body weight for adults (USEPA, 1989a; 1991a), and is the 

value used for calculating USEPA toxicity criteria (reference doses and cancer slope factors), 

"fherefore, it was used for the MEI and MLEI values for all adult exposure scenarios (18 to 70 

years). A standard body weight of 15 kg was used for the child (1-6 years) residential and 

lecreational MEI and MLEI evaluations (USEPA, 1989a; 1991b). 

Averaging Time 

The averaging time for exposure to carcinogens is assumed to be a lifetime (70 years or 25,550 

days) (USEPA, 1989a) and was used for botii tiie MEI and MLEI analyses. Because tiie dose 

for carcinogens is considered to be a lifetime average daily dose, the child dose is added to the 

:adult dose and that sum is averaged over an entire lifetime (USEPA, 1989a). Hence, the 

averaging time for exposme to carcinogens for both children and adults was 25,550 days (70 

years). 

For noncarcinogois, the averaging time is equal to the exposure duration or the time period over 

which exposure is assumed to occur. Therefore, the dose is an average daily dose derived 

separiitely for an adult and a child (not averaged over a lifetime). The averaging time of 9,125 

days (25 years) was used for the industrial/commercial MEI, and the averaging time of 1,643 

days (4.5 years) for the industrial/commercial MLEI. For the construction worker scenario, the 

averaging time for noncarcinogens was one year (365 days) for both the MEI and MLEI 

scenarios. Averaging times for tiie residential and recreational scenarios are different for 

childi'en and adults since exposure duration is different for each (see page 4-7; Exposure 

Duration). For the MLEI, exposure was assumed to occur for a total of 9.3 years. Therefore, 

2,190 days (6 years) was the averaging time for a child, and 1,205 days (3.3 years) was the 

averaging time for an adult. For the MH, exposure was assumed to occur for a total of 30 

yeiars. Therefore, 2,190 days (6 years) was tiie averaging time for a child, and 8,760 days (24 

years) was tiie averaging time for an adult. 
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4.3.2 Soil Ingestion Pathway 

Incidental soil ingestion occurs at all ages as a result of hand-to-mouth activities. It is widely 

beheved tiiat children approximately two to five years old are the only age gn}up that consumes 

a pott;ntially significant amount of soil (Calabrese et al., 1989; van Wijnen et al., 1990). As 

a result, numerous studies of soil mgestion rates in children have been conducted. The most 

tiiorough and rigorous studies to date are those by Calabrese et al., (1989), Davis et al. (1990), 

and van > '̂ijnen et al. (1990). In the Calabrese study, eight different tracer elements (alununum, 

barium, manganese, silicon, titanium, vanadium, yttrium, and zirconium) were quantitatively 

evaluated in the stools of 65 children, age one to four years old. In a subsequent validation 

stiidy, Calabrese and Stanek (Calabrese et al., 1991; Calabrese and Stanek 1991) developed a 

model to measure the precision of the soil ingestion rates calculated for each of the tracers used 

in their 1989 smdy and those used by Davis et al. The model validated the results for only two 

<• r of the tracers (zirconium and titanium) in tiie Calabrese et al. study and none of tiie tracers used 

in the Davis et al. study. Since the confidence interval for zirconium was narrower than tiiat 

for tiianium, Calabrese and Stanek (1991b) concluded that the soil ingestion estimates calculated 

for zirconium were the most accurate. The median soil ingestion rates ibr zirconium and 

titanium were 16 and 55 mg/day, respectively. 

It should be noted that the population of 40 children studied by Calabrese contained one child 

that displayed pica behavior (ingestion of greater than 5 grams of soil per day) ingestmg 13 

grams of soil per day for one week. Therefore, the Calabrese soil ingestion estimates are likely 

to overestimate the actual soil ingestion rate because pica is a very rare condition affecting less 

tiian 0.2 percent of the population (Calabrese et. al., 1991). Based on these data, it is 

reasonable to assume that children normally ingest less than 25 mg of soil per day, and this soil 

ingestion rate has been used in another lEPA-approved risk assessment for the MEI scenario 

(ChemRisk, 1989). This soil ingestion rate (25 mg/day) is considerably less tiian tiie value of 

200 mg/day currentiy recommended by tiie USEPA (USEPA, 1989a). However, tiie Agency 
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>'alue predates the work of Calabrese et al. and van Wijnen et al., which is currentiy under 

review within the USEPA. To maintain consistency with current USEPA guidance, a soil 

ingestion rate of 50 mg/day was used in this assessment for children (ages 1 to 6) for the 

lecreational and residential MLEI evaluations, and 200 mg/day was used for the MEI 

evaluations (USEPA, 1989a; 1991b). However, as discussed above and in the uncertainty 

iuialysis (Section 5.2.3), these soil ingestion rates are thought to significantiy overestimate actual 

!;oil ingestion rates among children based on data presented in tiie recent scientific literature. 

There are littie or no reliable quantitative data available for estimating adult soil ingestion rates. 

USEPA risk assessment guidance suggests a soil ingestion rate of 1(X) mg/day for adults in a 

residential scenario, based primarily on Hawley's published estimate of 65 mg/day (1985). 

However, Hawley's estimate was not based on quantitative tracer data. Current USEPA risk 

assessment guidance (USEPA, 1991b) also suggests a soil ingestion rate of 50 mg/work day for 

adults in commercial/industrial settings, based on the results reported in Calabrese's preliminary 

»i \* ladult soil ingestion study (Calabrese et al., 1990). However, Calabrese and Stanek (1991) have 

since determined that the soil ingestion rates reported in their preliminary adult study were 

invalid, and that the 50 mg/day value is likely to be an overestimate (Calabrese and Stanek; 

1991, Calabrese et al., 1991). Therefore, neither of the Agency recommended estimates of 

adult soil ingestion rates are strongly supported by tiie literature. 

Because the validated median soil ingestion rates detennined for children in tiie Calabrese study 

are 1() mg/day and 55 mg/day for zirconium and titanium, respectively, it is reasonable to expect 

that adult soil ingestion rates are less than 10 mg/day, as suggested by Paustenbach (1987) and 

Calatirese et al. (1991). Accordingly, for all scenarios in this evaluation except the construction 

worker, a value of 10 mg/day was used to represent the adult (all individuals older than 6 years) 

soil Ligestion rate for the MLEI evaluations, and an upper-bound of 50 mg/day was used for tiie 

MEI. For the construction worker scenario, 50 mg/day was used for the MI.EI evaluation and 

200 mg/day for the MEI. The latter is used lo account for tiie possible increased rate of soil 
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ingestion for construction workers in direct contact with surface and subsurface soil during 

constiTiction activities (i.e., excavation). 

Oral Bioavailabilitv 

Oral bioavailability is a measure of the d^ree to which a chenucal may be systemically absorbed 

follov/ing ingestion. Some chemicals are absorbed almost completely (100% bioavailability) 

when ingested in pure form. Other chenucals may pass through tiie body largely unabsoifoed. 

In general, as the lipophilicity of a chenucal increases, its absorption across the gastrointestinal 

tract increases. 

Oral bioavailability of soil-bound chemicals is also dependent upon the rate at which chemicals 

dissociate from the soil or slag matrix in the gut. Soil-bound chemicals, particularly inorganics, 

are usually absorbed to a lesser degree than chenucals in pure form (Paustenbach, 1987; Goon, 

1990; 1991; Sheehan et al., 1991; 1992). The reduced absorption is a result of hydrophobic 

m » attraction between the chemical and soil matrix. The greater tiie degree of affinity between a 

chemical and soil, the less likely tiiat a soil-bound chemical will be absorbed upon ingestion. 

Absoirption of the pure chenucal in the gut is inherentiy evaluated in the USEI'A reference doses 

and oral cancer slope factors as each are based on oral animal or human toxicity studies. 

Therefore, bioavailability, as used in this HRA refers to the site-specific "bioaccessibility" of 

tiie chemicals from tiie soil or slag matrix and represents tiie difference in absorption between 

chemicals in soil and chemicals in a pure (100% bioaccessibility) form. Because the COIs are 

expected to be tightiy bound in the slag and/or soil matrix at the South Works Site, 

bioaccessibility is most likely very low. 

Oral Bioavailabilitv of PAHs 

Animal studies have been conducted on the bioavailability of ingested PAHs in food and water 

(ATSDR, 1993; Rahman et a l , 1986; Hecht et al., 1979). Two stiidies have specifically 

addresssed tiie bioavailability of benzo(a)pyrene [B(a)P] from ingested soil particles (Goon et al., 

1990; 1991). These autiiors reported an oral bioavailability for B(a)P of 44 to 64%, depending 
• I - • ' 
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on the nature of the soil matrix (e .g . , clay o r sandy soils). These bioavailal)ility factors were 

reduced even more after "aging" of the B(a)P-soil complex for over six months, to an absorption 

between 34 and 51 % (Goon et a l . , 1991). The Soutii Works site has not been in operation since 

1992 and, therefore, the PAH-soil complex is likely to be similar to the aged matrix used in the 

Goon et a l . (1991) study. Additionally, since all of the P A H s that are COIs are considered 

immobile in soil based on their respective organic cart)on coefficients ( K ^ (Lyman et a l . , 1982; 

Dragun 1988), it is reasonable to assume tiiat tiie bioavailability of the P A H s other tiian B(a)P 

in South Works soil are not significantiy different than that for B(a)P. Therefore, based on the 

Goon et a l . (1990; 1991) studies, an oral bioavailability factor of 5 0 % for P A H s on a soil matrix 

was used in this risk assessment for both exposure levels (MEI and MLEI) . 

Site-Specific Oral Bioavailabilitv 

An oral bioavailability study was conducted to determine the site-specific bioavailability of 

manganese, lead, and beryllium, in South Works soil. For this experiment, tiie fraction of each 

ii <!» metal that could be released from the soil matrix under simulated gastric conditions was 

determined. The protocol for this smdy was provided to lEPA on March 15, 1995, and 

approved for use on March 30, 1995 (Appendix B). A modification was made to the protocol 

in that soil samples were sieved to 500 /tm or smaller to remove larger pieces of gravel from 

tiie s:miples. Based on professional judgment , it was determined tiiat individuals, including 

childien, would not ingest tiiese larger particles. The sieved fraction ( < 5 0 0 ^ m ) was tiien 

analyzed to determine the concentration of each of these metals in this size fraction. 

For tliis study, gastric conditions were simulated by using p H 1.4 (0.04 molar) hydrochloric acid 

(HCl) to extract manganese, beryllium, and lead from soil samples collectejd from the South 

W o r l s site. The volume of acid and mass of soil were based on the amount of gastric juice m 

tiie stomach of a child (50 ml; Clinical Diagnosis by Laboratory Methods, 1974) and the USEPA 

daily estimated soil ingestion rate (200 mg; USEPA, 1989a; 1991b). The pH was maintained 

at 1.4 throughout the extraction (1 hour) and the soil/simulated gastric solution was kept in a 
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37''C water bath. The results of tiie experiment are presented in Tables 4-2 and 4-3 and are 

discussed below. 

For manganese, tiie percent extraction under simulated gastric conditions ranged from 15.9% 

to 33.3%, with an arithmetic mean extraction percentage of 23.5% which was used in this 

iassessment to rqnesent the amount of manganese available for gastrointestinal absorption (Table 

•X-2). For lead, tiie percent extracted ranged from 40.2% to 60.2% with an aritiimetic mean of 

48.8%. This mean value was used in tiie PBPK model for lead as discussed in Section 4.5. For 

beryllium, the protocol was modified such that 10 grams of soil and 50 ml of HCl were used. 

This was done to raise the concentration of beryllium in the extracts so that it could be measured 

by standard analytical protocol (See Appendix B for more details of study and analysis). The 

results of this study indicate that 25.6% (average of the two samples) of beryllium was extracted 

firom tiie soil sample. This arithmetic mean value was used in the HRA. 

<ii # The aaithmetic mean percent extractions obtained from the experiment referenced above for 

beryllium, lead, and manganese were used in the HRA to represent the fraction of each metal 

tiiat could be released from the soil matrix in the gut (oral bioavailability). For those inorganics 

not addressed by this study (i.e., cadmium and antimony), a default value of 100% 

bioavailability was used. 

4.3.3 Inhalation of Particulates Pathway 

The inhalation of particulates was quantified for the construction worker scenario only. This 

ex]X)sure pathway was deemed complete for the construction scenario because construction 

activities (bulldozing, grading, etc) are known to generate considerable dust unless suppressants 

are; used. 

u\uss^iTOKicsuiAvrExr4 4-15 CHEMRISK" - A DrvisioN OF MCLAREN/HART 



<llll#' 

[JSX ;;outii Works August 25, 1995 

Inhalation Rate 

For a (X)nstiiiction worker, tiie upper-bound (95th percentile) inhalation rate of 20 m-'/S hour day 

was u;jed for botii MEI and MLEI based on USEPA guidance (1991b). 

Soil to Air Suspension Factor 

For tiie calculation of RGs, it was necessary to estimate tiie amount of soil that could be 

suspended into ambient air and subsequentiy inhaled by site construction workers. The USEPA 

lias d(^eloped guidance on the amount of soil that can be suspended (emission rate) under 

specific construction activities (bulldozing, scraping, back hoeing). However, these emission 

rates <u-e very sensitive to site-specific parameters including soil particle size, moisture content, 

iarea of site being worked, and the amount of time spent at each activity. For this reason, it is 

generally necessary to develop a reasonably reaUstic construction activity scenario for each 

portion of the site. Because redevelopment plans are preliminary at this time, a default approach 

to estimating soil suspension during construction activities was used for the South Works site. 

It was; assumed for the MEI that during construction activities, the amount of dust in air will not 

exceed tiie permissible exposure linut (PEL) set by the Occupational Safety and Healtii 

Administration (OSHA) for respirable nuisance particulates of 5 mg/m^ (CFR, 1992). This 

standard is appUcable to construction sites. It is possible that some construction activities could 

produce dust levels in exceedence of this level. However, it was assumed that suppressants 

would be used during construction to prevent a violation of this OSHA linut. For the MLEI, 

it was assumed that dust levels would not exceed the National Ambient Air Quality Standard for 

respi]-able particulates of 50 ^g/m^ (USEPA, 1993a). Conservatively, it was assumed that all 

of the dust in the air is suspended soil from the site and that the concentration of suspended soil 

in ail' will be equal to these standards throughout construction activities. 

Furtiier, it was conservatively assumed that all soil particles are of a size that can be suspended 

in ambient air, inhaled, and retained in tiie hing for absorption. This is a very conservative 

assumption for two reasons. First, only particles of a diameter less tiiaii 1,5 mm can be 
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swspaiided to ambient air even witii heavy vehicle traffic (USEPA, 1989c). Therefore, soil/slag 

jMuticles larger than 1.5 mm cannot contribute to the mhalation dose. As referenced earlier, slag 

is tiie primary material used as fill on the site. 

Secondly, of the total amount of airborne suspended particulate matter that may potratially be 

inhaled, only a small fraction is respirable. The respirable fraction is defined as particulate 

>0.2 urn and < 10 nm (ICRP, 1968; Cowherd et al., 1985). The inspirable fraction, tiiat 

which can be inhaled, is defined as particulates between 10 /xm and 75 /xm based on an 

;assumption that 75 ^m is representative of the upper size of airiK)me particulates. The two 

particle-size fractions are based on physiological differences and tiieir consequent toxicological 

implications. Inhaled particles may have diameters between 0 to 75 /xm. These particles can 

be inhaled, but the inspirable firaction, between 10 and 75 /tm, will be removed from the air by 

die nose or nasal pharyngeal cavity prior to reaching the deep lung. These removed particles 

are rapidly transferred from the respiratory tract to the gastrointestinal tract. In contrast, 

respirable particles, those >0.2 nm and < 10 /im, will not be as easily removed by biological 

processes, and tiierefore, they can reach tiie deep lung and become ti:apped by alveoli. If 

trapp<^ by alveoli, they can either be absorbed or remain in the lung. As particle size 

diminishes in the <0.2 /xm range, the particles begin behaving more like a gas and have a 

tendency to be exhaled. 

Whilij particle size data are not available for the South Works surface soil, slag generally 

consists of more of tiie larger sized particles flian most soil types. Therefore, tiie assumption 

that idl soil/slag particle sizes can be suspended to ambient air, inhaled and retained in the 

alveolar region of the lungs for absorption is extremely conservative. 

4.3.4 Dermal Contact Pathway 

Consistent witii lEPA guidance (lEPA, 1994), dermal contact witii organic COIs (i.e., PAHs) 

in scil was estimated to be equal to that of the oral administered dose. However, for the 
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inorganic COIs, potential exposure was quantitatively assessed using the pairameters discussed 

belov/. 

Total Skin Surface Area 

Adult exposure to outdcwr soils is assumed to be primarily from contacting soil with the hands 

and forearms (USEPA, 1989a). Upon consultuig the USEPA's Development of Statistical 

Distributions or Ranges of Standard Factors Used in Exposure Assessments (USEPA, 1985), an 

estimate of 2,836 cm^ was determined for adult skui surface area for these body parts. This 

value is based on skin surface areas for the forearms (one-half of the arms) and hands of adults 

and \vas used for the adult MEI and MLEI evaluations for the residential, industrial/commercial 

and recreational scenarios. For the construction worker scenario, a skin surface area of 4,300 

cm ,̂ representing the head, hands and forearms of an adult male, was used (USEPA, 1985). 

The same USEPA sources (USEPA, 1989d; 1985) were used to determine the exposed skin 

surface areas for children (1-6 years). Specifically, the area for the arms, hands and head is 

2,195 cm^ based on the average for females (2,190 cm )̂ and males (2,2(X) cm^). This value was 

used for both the MEI and MLEI evaluations for the recreational and residential scenarios. 

Soil-to-Skin Adherence Factor 

Several studies have evaluated tiie amount of soil or dust that is likely to be in contact witii skin. 

These stiidies (Lepow et a l , 1975; Roels et a l , 1980; Que Hee et a l , 1985; Driver et a l , 

1989; Yang et al., 1989) were evaluated in USEPA's Dermal Exposure Assessmem: Principles 

and Applications (USEPA, 1992b), and it was determined tiiat a range of values from 0.2 

mg/cm^ to 1.5 mg/cm^ appears to be plausible. The report also concluded that since these 

studies are based on measurements of soil adherence to hands, they may in fact overestimate soil 

adhe;rence for other body parts. Consequentiy, the USEPA believes that the lower end of the 

range (0,2 mg/cm )̂ may be the best value to represent an average overall soil adherence factor, 

and 1 mg/cm^ may be a reasonable upper bound value. Therefore, tiie uppcT bound value of 1 

mg/:m^ is used for the MEI evaluations, and 0.2 mg/cm^ was used for the MLEI evaluations 
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for children and adults under the residential, industrial/commercial and recreational scoiarios. 

As per lEPA guidance, tiie maximum reported soil adherence rate (1.5 mg/cm^, which was 

determined for male children playing in a dirt school yard (Roeb et a l , 1980), was 

conservatively used for the construction worker scenario (Homshaw, pers comm. 1995). 

For dermal contact, Ryan et al. (1987) reports that a correction factor for dermal absorption of 

1 % is conservative for inorganics. This value represents the differential absorption of inorganics 

from dermal contact as compared with the ingestion exposure patiiway. This value was used for 

the MEI and MLEI evaluations for all exposure scenarios and is consistent with lEPA guidance 

(lEPA, 1992). 

Site-gpecific Dermal Bioavailabilitv 

Similar to oral absorption, only the fi^ction of inorganics that can be released from the soil 

matrix in sweat on die skin is available for dermal absorption. Therefore, a simulated human 

sweat extraction experiment was conducted using South Works soil and simulated human sweat 

to determine the fraction of beryllium and manganese that could be extracted in sweat on the 

skin. I.ead was not included in this study since lead is not dermally absorbed, and therefore, 

is not included in either the O'Flaherty or USEPA lead biokinetic mcxlels (Section 4.5). The 

experimental protocol was developed according to that outiined by Horowitz and Finley (1993); 

the complete protocol, which was approved by lEPA (March 30, 1995) prior to implementation, 

is presented in Appendix B. It should be noted tiiat a high sweat to soil ratio (20:1) is a 

reasonable but conservative estimate of the amount of soil and sweat on the skin under heavy 

work activities (Horowitz and Finley, 1993). The extraction was performed at 37*C for 12 

hours to simulate sweat and soil on the skin under worst-case or maximum extraction conditions. 

The results of this sweat extraction study are presented in Tables 4-2 and 4-3. 

For manganese, tiie extraction percentages ranged from 0.02% to 0.96% witii an arithmetic 

mean of 0.49%. For beryllium, tiie laboratory analyses for two of tiie samples (SW-Al and 
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SW-A2) were affected by high levels of calcium, and as a result, tiie limits of detection (LODs) 

wen; raised (35 ppb). Neitiier of tiiese samples contained detectable Icivels of beryllium. 

Beciiuse of this mterference, these samples woe excluded from the extraction percentages 

presented in tius HRA. However, for tfie samples SW-Bl and SW-B2, tiie LODs (0.7 ppb) were 

not iiffected by this interference. These samples did not contain measurable levels of beryllium. 

Assuming beryllium is present at one-half tiie LOD (USEPA, 1989a), an extraction percentage 

of 0.34% was obtained. The arithmetic mean extraction percentiles for beryllium (0.34%) and 

manganese (0.49%) were used in this HRA to represent release of these metals from the soil 

matiix in sweat on the skin. These values were multiplied by the dermal absorption correction 

izcXoT of 1% reported by Ryan et al. (1987) to obtain bioavailability facttws of 0.(X)34% for 

beryllium and 0.0049% for manganese. For those inorganics not addressed by this study, only 

tiie dermal absorption factor of 1 % was used (assuming 1(X)% extraction). These values were 

usedi for both the MEI and MLEI evaluations for all exposure scenarios as per lEPA guidance 

(lEPA, 1992). 

4.4 CALCULATTON O F REMEDUTION GOALS (RGs) 

This section of the HRA presents tiie algorithms tiiat were used to calculate tiie RGs using the 

exposure parameters and pathways described in the previous section, and in the lEPA approved 

PR/k. Specifically, health-based RGs were developed for each exposure scenario (industrial/ 

commercial, recreational, residential, and construction). By using this approach, the RG specific 

to tiie ultimate land use can be applied to appropriate areas at the site. 

Regulatorv Criteria 

RGi were calculated for an acceptable hazard index of 1 for noncarcinogenic chenucals, and an 

acceptable increased cancer risk range of 1 x 10"* (one in a one hundred thousand theoretical 

ex«;ss cancer risk) to 1 x 10* (one in a million) for carcinogens. A hazard index of one 

indicates tiiat the level of exposure is equal to an acceptable exposure level (reference dose) 

determined by the USEPA. An increased cancer risk of 1 x 10-* indicates tiiat, on a strictiy 
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tiieontical basis, one additional person of a population containing one million people will 

develop cancer. For a 1 x 10*̂  risk, one excess cancer will theoretically (xx:ur in a population 

of om; hundred thousand people. It is noteworthy that the natural background rate of cancer in 

the U.S. is 250,000 of a population containuig one million people. The RG for each COI was 

calculated based on the above referenced hazard index and target risk range according to the 

calculations presented below. The potential total site risks, assuming additivity of effects, and 

die meaning of cancer risk estimates is discussed fiirther in the Risk Characterization Section 

(Section 5.0). 

Determination of RGs 

The determination of RGs is a three-step process. First, the target level of acceptable cancer 

risk or noncarcinogenic health hazard is defined. Second, exposure rate is quantified using the 

exposure parameters for each route of uptake, and third, RGs are calculated. The methods for 

determining health-based acceptable soil concentrations (RGs) are presented as follows. RGs 

were calculated in this HRA to be protective against both potential noncarcinogenic and 

carcinogeruc health effects for each potential future land use scenario. 

Remediation goals in soil are derived by rearranging the pathway-specific dose equation to solve 

for aji "acceptable" concentration of an individual chemical in soil. The stjmdard equation to 

calculate dose for each pathway is as follows: 

„ CS * CR * EF * ED * B * MET * DAF 
Dose = 

BW * AT 

where: 

CS = Concentration in soil 

CR = Contact rate (i.e., soil ingestion rate) 

EF = Exposure frequency 
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Reananging the dose equation to solve for the acceptable concentration, or RG, of tiie individual 

chemical in soil yields: 

DAF * CR * EF * ED * B * MET) 

In tills equation, CS is the chemical-specific RG calculated for soil at the beginning of exposure 

(time equal to 0). The dilution/attenuation factor (DAF) was derived as follows. 

The concentration in soil, CS, used to calculate tiie dose is actually tiie average concentration 

in soil during the exposure duration, ED. For inorganics, this concentration is constant over the 

entire exposure duration. However, the concentration of an organic chemical in soil will 

decrease over time because of various chemical and biological degradation processes as discussed 

in Section 2.5. Assuming that the degradation of an organic chemical in soil is a first-order 

process, the concentration at a time, t is: 

CS(t) = C5oC<'*'> 

where: 

CS(t) = Concentration in soil at time t 

CSo = Initial concentration in soil at time equal to 0 
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k = Furst order degradation constant 

t = time 

The degradation constant is related to the degradation half-life, and is equal to the natural 

logarithm of 2 (0.693) divided by the half-life (TUT)- 1^^ average concentration in soil during 

tiie exposure duration can be calculated by integrating CS(t) and dividing tiie integral by the 

exposure duration. The resulting expression for the time-average soil concentration during the 

exposure duration, ED, is: 

CS 

The DAF for each organic COI incorporates a degradation constant calculated from tiie highest 

(or longest) literature reported half-life (Section 2.5). Use of this degradation constant facilitated 

tiie calculation of an RG that accounts for environmental degradation. For the inorganic COIs, 

tiie DAF is set equal to 1 (no degradation). 

The exposure parameters, presented in the previous sections, were used to estimate the exposure 

factor portion of the dose equation for each pathway. The resulting "exposure factor" is in units 

of kg soil/kg body weight-day and represents the daily uptake of chemical per body weight. The 

exposure factors (XF) for each route of uptake were tiien combined with the appropriate dose-

response criteria and target risk level to calculate the RGs, or the concentration of each COI in 

soil that will not pose a risk to human health under each exposure scenario, 

Using XF to represent the exposure parameter portion of each pathway specific equation: 

RG = Dose * XF 

where: 

L:MISSdW0IU(3«A\TEXT4 4-23 CHEMRISK' - A DIVISION OF MCLAREN/HART 



<ll 9 

USX South Works August 25, 1995 

XF = ^ ^ * ^ ^ 
DAF * C R * E F * E D * B * MET 

For tine calculation of RGs, dose is defined as tiie acceptable daily intake of tiie COI. The 

acceptable daily intake for a chenucal is defined by the following relationships: 

TR Dose = (for carcinogens) 
CSF 

Dose = T H I * I ^ (for noncarcinogens) 

where: 

TR = Target risk level (1 x 10-* or 1 x 10"*) 

CSF = Cancer slope factor (mg/kg-day)"' 

THI = Target hazard index (1) 

RfD = USEPA Reference Dose (mg/kg-day) 

Each exposure scenario was assessed for soil ingestion and dermal contact as discussed 

previously. The construction worker scenario was evaluated for these pathways and the 

inhalation of particulates. Therefore, the denonunator of the RG equation accounts for multiple 

routes of exposure by incorporating each complete exposure pathway. However, in accordance 

witii lEPA guidance (1994), tiie soil ingestion patiiway was counted twice for tiie PAHs (once 

for soil ingestion and once for dermal exposure). Therefore, the RG equations for the PAHs, 

(hffer from those for the inorganics. The RGs were calculated as follows for tiie inorganics with 

the parameters previously defined. 

Citfcinogenic Responses for Inorganics for Residential. Industrial/Commercial and Recreational 
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RGs = "^ 
(^«u *.««-«. * C S F ^ * ( X F , ^ * C S F ^ 

Carc:.nogenic Responses for Inorganics for Construction Worker Scenario: 

^ ^ i^^i.,t^*CSF^*(^d.^*CSF^^(XF,,,,,^ 

Noncarcinogenic Response for Inorganics for the Residential. Industrial/Commercial and 
Recre 

RGs- ™ 
, X F ^ ^ .XF. 

) + (:!*=-) 

Nonc:arcinogenic Response for Inorganics for the Construction Worker Scenario: 

RGs- ™ 
fHsiLJssss.) + (f^s-) + (ifi-!--=.) 

For Ihe PAHs, tiie following equations were used for evaluating carcinogenic response: 

For the Residential. Industrial/Commercial and Recreational Scenarios: 

RGs = ^ 
2(^«i .««^*c:5F, j 
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For Ihe Construction Worker Scenario: 

RGs - ^ 
2 ( ^ j o t f iMgaHcm * ^ ^ ^ o r J * (^^UUuUatkm * ^ ^ ^ M a U a k J 

Because the PAHs that are COIs are considered carcinogenic, no equations for RGs protective 

of a noncarcinogenic response are required. 

4.5 NONCANCER ASSESSMENT FOR LEAD 

The USEPA has not promulgated an RfD or SF for lead on which to base a risk assessment. 

However, several modeling approaches have been developed to evaluate blcxxi lead levels 

^ '̂  associated with environmental and dietary exposures to lead. As discussed in tiie preliminary 

risk assessment, tiie physiologically-based pharmacokinetic (PBPK) model for lead, developed 

by Dr. Ellen O'Flaherty of the University of Cincinnati, was deemed the most appropriate to 

evaluate potential future exposures at South Works because the PBPK mcxiel is: I) capable of 

evaluating botii children and adults, 2) capable of evaluatmg botii short- and long-term exposure 

durations, 3) validated for a variety of exposure settings, and 4) published in the peer-reviewed 

scientific literature. However, at the request of lEPA, two other USEPA modeling approaches 

wen; presented in this assessment for comparison with the PBPK results and to ensure that all 

modeUng approaches were adequately investigated. RGs for lead for tiie Soutii Works site were 

detemiined using tiie O'Flaherty PBPK model and the USEPA modified-Bowers model for 

adults. 
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Each of the modeling approaches are discussed below. 

The USEPA Integrated Exposure Uptake Biokinetic lEUBK Model For Lead 

hi 1!)89, die USEPA Office of Air Quality Planning and Standards (OAQPS) developed ttie 

EEU13K model to provide a method for predicting blood lead levels in populations exposed to 

lead in tiie air, diet, drinking water, indoor dust, soil, and paint (USEPA, 1994b). The model 

has l)een continually updated, and the most recent version (0.99D) was released in Fd)ruary, 

1994. The OEUBK Model for lead estimates tiie total lead uptake (/xg Pb/day) in children tiiat 

results from diet, inhalation and ingestion of soil, dust, and paint. The model predicts a 

distribution of blood lead levels (/xg Pb/dL) based upon total lead uptake. The modeL 

incoi'porates information on environmental levels of lead, estimates uptake based on several sets 

of exposure parameters, and outputs distributions of blocxl lead levels for children of ages 0 -

7 years, the most sensitive age group. 

^ ^ The lEUBK mcxiel is a classic multi-compartment pharmacokinetic mcxiel (the compartmoits 

repn»ent volumes of chemical distribution) in which the rate constants governing the transfer 

of k '^ betwera compartments are based in part on kinetic data from a study in babcx)ns 

(Mallon, 1983). Certain non-linearities asscx:iated with the uptake and distribution of lead have 

been included in the mcxiel, but the rate constants and compartmental parameters are not based 

on tlie actual anatomy or physiology of humans (O'Flaherty, 1995). Therefore, tiie lEUBK 

mcxiel is not expected to reliably predict blcxxi lead levels outside certain conditions in which 

the model was validated. In this regard, USEPA (1994b) has listed certain linutations of the 

lEUlBK model. These include: 

1) The lEUBK mcxiel is not appropriate for rapidly varying exposures (on the order 
of days or weeks). It is only appropriate for evaluating relatively stable exposure 
situations that can be approximated by annual average values. 

2) The lEUBK model is not appropriate for multi-unit residenticd dwellings. 
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3) The lEUBK model is designed for population averages, not individual specific 
exposure scenarios, and thus should only be used with average soil lead 
concentrations for a community. 

4) The lEUBK model is only adequate for predicting blocxl lead concentrations for 
children up to seven years of age. 

The mcxiel starts with an initial lead bcxiy burden for the fetus which is detennined by a maternal 

uptake/biokinetic mcxiel that is also incorporated in the ccxle. The geometric standard deviation 

of blcod lead levels in children is used in conjunction witii the mean blocxl lead level predicted 

by die model to determine a lognormal distribution of blood lead levels in children at six month 

age intervals. 

O'Fkiherty PBPK Model for Lead 

A PBPK model for lead kinetics has been developed and validated for children and adults for 

a wide range of exposures to lead from a variety of exposure media (i.e., soil, paint, diet, air, 

etc.) (P'Flaherty, 1991a,b,c; 1993; 1995). Appendix D contains die O'Flaherty publications on 

tiie PBPK model for lead. 

This PBPK model consists of seven compartments: blocxl, plasma, bone, liver, kidney, other 

well-]5erfused tissue, and other pcxirly perfused tissue. The mcxiel incorporates bone as an 

explicit compartment whose volume, composition, and metabolic activity are all age-dependent 

(O'Flaherty, 1991a,b,c; 1993; 1995). The reiationship between plasma lead and blood lead is 

expressed as a capacity-limited binduig associated witii the erythrocyte. Bone is divided into two 

subcompartments or regions, a surface region and a metabolically active region. Blcx)d fiows 

first through the surface region of rapid exchange before entering the metabolically active region 

when; lead may be incorporated into mineralizing bone or returned to the blocxl from resorbing 

bone (O'Flaherty, 1991a,b,c; 1993; 1995). All remaining compartments store lead to different 

extents following exposure. The kinetic interactions of lead between compartments are all 

accounted for in this mcxiel description which allows for accurate determinations of blcxxi lead 

concentrations. 
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The O'Flaherty PBPK model has the potential to predict tiie likely blood lead levels for a wide 

irange of scenarios, including that of a single person by using the physiological parameters 

unique to that individual. This model has been carefully validated for humans and is well 

documented in tiie peer-reviewed literature (O'Flaherty, 1991a,b,c; 1993; 1995). The 

O'Flaherty PBPK mcxiel has been validated fon 1) both children and adults, 2) a wide range 

of exiposure concentrations, 3) botii short- and long-term exposure durations, and 4) both 

individuals and community populations. In fact, one of the validation tests of tiie O'Flaherty 

PBPK! model was comparing mcxiel simulated output to blocxl lead concentrations for single 

individuals exposed to known concentrations of lead under a contirolled setting. It is noteworthy 

tiiat some of the default exposure parameters used in the PBPK mcxiel, such as background 

environmental media concentrations are more conservative (i.e., health protective) than those 

used in tiie USEPA lEUBK model. 

USEPA modifled Bowers et al, (1994) Model 

ni# jhg USEPA modified Bowers et al., (1994) model is also a biokinetic model, altiiough less 

complex than the lEUBK. The Bowers model, which consists of one equation, was developed 

as a cool for predicting the adult blocxl lead concentiiation resulting from exposure to lead in 

different media. The parameters of tiie model were eitiier adapted from otiier published sources 

or w<;re derived by fitting the mcxiel to experimental results. The biokinetic slope factor (the 

model parameter which relates blocxl lead concentrations to lead exposures) was obtained by 

fitting the mcxiel equation to results form a study which related tiie blood lead concentration in 

941 middle aged men to the lead concentration m their drinking water (Poccx:k et a l , 1983). 

Thenjfore, the Bowers mcxiel was derived for middle-aged men exposed for extended periods 

of time to background levels of lead. Because the parameters of the Bowers mcxiel have no 

physiological relation, the Bowers mcxiel caiuiot be expected to be reliable outside the range in 

whicli it was developed (Le., long-term exposures, adults, near background exposure levels). 

For these reasons, the USEPA mcxlified Bowers model cannot be used to evaliuate the short-term 

construction worker scenario which is discussed fiirtiier in tiie following section. 
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Exposiu^ Scenarios and Applications of Human Lead Models 

At tlie request of lEPA, an ackiitional scenario, the short-term construction worker, was 

evaluated for lead exposures. This scenario is protective of a female construction worker of 

child-bearing age who works for one month (5 days per week) in an area with the maximum 

measiured levels of lead m soil. 

As discussed above, each human lead disposition mcxiel has a theoretical scenario for which it 

is applicable. Thus, each model was not used for all previously defined exposure scenarios in 

this HRA. In particular, the short-term construction worker scenario was only mcxieled using 

the PBPK model because it is the only model which is valid for short durations of exposure. 

The models were utilized as described in the following table: 

'iiii*' 

1 Scenario 

Residential (child) 

1 Recreational (child) 

1 Industrial/Commercial 
1 (a<iult) 

ConstiTiction (adult) 

Short-Term 
Construction (adult) 

USEPA mUBK 
Model' 

Blood Level (MEI) 

— 

— 

— 

— 

PBPK 
(O'Flaherty)" 

RG (MEI, MLEI) 

RG (MEI, MLEI) 

RG (MEI, MLEI) 

RG (MEI, MLEI) 

RG (MEI, MLEI) 

Bowers et al. 
(1994) 1 

~ 

— 

RG(MEI, MT,F,l) 

RG (Me, MLEI) 

Mcxiel not used for this evaluation, 

a EBUBK model predicts blood lead concentrations, not used to calculate RGs. 

b Mcxiel used to derive an RG for each exposure scenario. 

The lEL^K mcxiel was used only to determine if exposure to lead at the site would elevate the 

blocxl lead concentrations of the potentially exposed residential child pcpulation above the 

aca;ptable blcxxi level of 10 /ig/dL established by the Centers for Disease Control (CDC) and 

tiie USEPA (CDC, 1991; USEPA, 1994b). This model was not used to determine an RG, as 
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it's methodology does not allow for one. The PBPK model was used to calculate RGs for all 

scenarios. The USEPA mcxlified Bowers et a l (1994) model was used for tiie 

industiial/commercial and long-term construction (8 month of exposure) adult exposure scenarios 

and not the short-term construction because it is not validated for evaluating short-term 

exposures. The specific approach used for each modeling exercise and the results are detailed 

belov^ 

4.5.1 USEPA lEUBK Model for Lead 

For the MEI evaluation, the USEPA lEUBK model, witii all USEPA recommended standard 

default input parameters, was employed. These parameters are presented in Table 4-4. It 

should be noted tiiat some default values (i.e., soil ingestion and inhalation rates) are not 

consistent witii the parameters used in tiiis HRA to calculate the RGs for the other chemicals. 

The only non-default site-specific input to the model was the soil concentration term as discussed 

below. 

The USEPA lEUBK model was evaluated for the child MEI residential scenario. Only tiiis 

sceUiUio was evaluated as the mcxiel is only valid for children, and this scenario represents tiie 

greatest potential for exposure to the most sensitive population. For the calculation of the soil 

concentration term, the lEUBK guidance manual specifically states that the mcxiel 

"... is designed to evaluate relatively stable exposure situations, rather than 
rapidly varying exposures.... We recommend using a simple average or 
arithmetic mean of soil lead concentrations from a respective area of the child's 
yard..." a^SEPA, 1994b) 

As an added measure of conservatism, tiie 95% upper confidence linut on the arithmetic mean 

surface soil concentration (95 % UCL) of 387 mg/kg was used in the evaluation rather than the 

simple arithmetic mean as suggested by USEPA guidance. This conservatism was incorporated 

to limit the potential underestimation of long-term average exposures. 
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Typi<:ally, a site is considered to pose no concern if the 95th percentile of the population blocxl 

lead distribution determined by die model is at or below 10 /tg/dL (CDC, 1991; USEPA, 

1994b). For tius site, two different approaches were used to evaluate the potential healtii 

conomis at the site as a result of lead in soil. Specifically, the mcxiel was run witii and without 

the meteorological adjustment factor. For the evaluation including the meteorological adjustment 

(Method A), an adjusted 95% UCL concentiation was calculated and input to the model. This 

was iperformed because the lEUBK mcxiel does not have a means to input the meteorological 

factor, only a soil concentration term. The 95% UCL soil concentration was multiplied by the 

meterological factor in the following manner to calculate the adjusted 95% UCL: 

Adjusted 95% UCL - 95% UCL * MET 

Where: 

Adjusted 95% UCL = Concentration input term for surface soil lead; 
MET = Meteorological factor (62%); and 

Base<i upon this adjustment, a surface soil lead concentration of 240 mg/kg was input to the 

lEUBK model for Method A to represent a time-averaged concentration term to which children 

may be exposed at the site. 

For Method B, all USEPA mcxiel defaults, as presented in Table 4-4, were used in conjunction 

witii tiie 95% UCL for lead in surface soil at the site (387 mg/kg). No adjustment for 

meteorological conditions was made. 

IEU1?K Model Lead Results 

The results of Method A and B are presented in Table 4-5 and are graphically illustrated in 

Figures 4-1 and 4-2. The results of Method A indicate that 97.89% of tiie e;xposed population 

will have blcxxi level concentrations less than the regulatory criteria of 10 /xg/dL. As stated 

previously, a site is not considered to pose a threat to human health if 95% of the potentially 

exposed population is at or below this regulatory criteria. For Methcxl B, the results of the 

modî ling exercise indicate that the site does not pose an unacceptable healtii tiireat as 95.58% 
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of the population will be at or below the regulatory criteria 10 /xg/dL. Thereiore, the USEPA 

lEUB!^ model inchcates that, for the most sensitive population at tiie site (MEI, residential 

children) under a worst-case scenario (no meteorological adjustment and all USEPA default 

exposure factors), there is no significant risk due to lead exposure. 

4.5.2 PBPK Model 

The PBPK mcxiel was used in this HRA to determine RGs for each scenario based upon an 

acceptable blood lead level of 10 /xg/dL (USEPA, 1994b; CDC, 1991). This criteria has been 

established to protect young children from the potential adverse health effects of lead on the 

neurological system. However, this value (10 /ig/dL) was also used to evaluate adults under the 

residential, recreational, industrial/commercial and construction worker exposure scenarios to 

ensure the protection of any pregnant women or women of child-bearing age. 

'*i» Exposure Parameters in the PBPK Model 

For tius HRA, USEPA default exposure parameters that were used in the USEPA lEUBK mcxiel 

for lead were also used in the PBPK mcxiel (Table 4-6). However, consistent with acceptable 

mcxiel inputs, the exposure frequencies (EFs) used for each scenario were converted into unitiess 

values, and the site-specific meteorological factor was incorporated. For example, tiie residential 

EF for the MEI evaluation was derived by multiplying 350 days/year by the meteorological 

factor of 62% and tiien dividing the product by 365 days/year to yield a unitiess EF of 0.59. 

The EFs for the recreational and industrial/commercial scenarios were derived in the same 

manner. For the long-term constiuction scenario (8 montiis), the 160 day/year exposure 

frequency was divided by 365 days/year to yidd a unitiess EF of 0.438, and, consistent with the 

assumptions for the cx)nstruction scenario, the meteorological factor was not applied. For the 

short-term construction worker scenario, the model was run for an exposure duration of one 

month, and die EF was set at 0.71 (5/7 day). Additionally, tiie mean fraction of lead that was 

release<l from the soil matrix in the simulated gastric extraction study of 48.8% (as discussed 
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in Section 4.3.2) was input to the model to account for bioavailability via the soil ingestion 

ipathway. 

For tiie long-term construction scenarios, tiie predicted concentrations of lead in air were 

calculated using the 95% UCL and mean lead soil concentrations for the MEI and MLEI, 

respectively, and the soil suspension factors discussed in Section 4.3.3. The air concentration 

terms were developed as described below. 

Long-term Construction Worker 

MEI Air Concentration [l.l M ] = [s.O ^ ] • (l x lO"* ^ ] * (225 ^ ] » (l,000 M J 

ULEl Mr Concentration [0.OO8 ^ = [o.05 ^ ] • (l x 10-« ^ ] • (l63 ^ ^ \ • (1.OOO M J 

As described below, for the MEI long-term construction scenario, the 95% UCL for both 

surface and subsurface soil (225 mg/kg) was used as the lead concentration term for particulates. 

For the MLEI, the site-wide mean for surface and subsurface soil (163 mg/kg) was used. This 

appn)ach was utilized as it is reasonable to expect that suspended particulates will be derived 

from the entire site for 8 month construction period rather than individual sample lcx:ations. For 

the short'term construction scenario (30 days), it is assumed that a worker could be exposed to 

the maximum concentration of lead in soil throughout the exposure period. Therefore, die air 

concentration term in the mcxiel is dependant on the soil concentration (or RG) and is derived 

using the model. 

Tlie resulting RGs calculated for each scenario are presented in Table 4-7. The resulting RG 

for a residential child scenario is consistent with the USEPA interim soil cleanup guidance, 

developed in 1989 by the Office of Solid Waste and Emergency Response (directive number 
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9355.4-02) which states that cleanup levels of 500 to 1,000 mg/kg for residential settings should 

be health protective (USEPA, 1989c). This USEPA cleanup guidance was reiterated m a 

memorandum dated July 14, 1994 (OSWER Directive 9355.4-12). 

4.5.3 USEPA Modified Bowers et al. Model for Lead 

The results of the USEPA modified Bowers et a l (1994) mcxiel for evaluating adult lead 

exposure was used for comparison with those of the PBPK mcxiel. The USEPA mcxlified 

Bowers et al. mcxiel is not a physiologically-based biokinetic model, and as such, does not 

account for the different capacity-limiting processes associated with the inter-compartmental 

transfer of lead. With this in mind, the Bower et al. mcxiel was used to calculate RGs for the 

adult long-term construction and industrial/commercial scenarios. The equation used is 

presented below: 

(PbB^^ target - PbB^ 
•III i#' A O - = 

BKSF (IR * AF * B * EF * ED * MET) 

PbBq^ Maternal 
PbBfju Target = PbB^u Maternal = — 

^^ ^ ' ' GSD'-^' 

where 

P t ^ maternal - ^ ^ ' " " ^ ^ 

where: 

PbBoMtarget = Target geometric mean blocxl lead concentration 

PbBo = Initial blocxl lead concentration 

BKSF = Biokinetic Slope Factor 
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IR = Soil Ingestion Rate 

.AF = Fraction of lead in soil tiiat is systemically absorbed 

B = Fraction of lead in soil that is released from the soil matrix 
and available for absorption based on the site-specific 
bioavailability study 

EI' = Exposure Frequency 

ED = Exposure Duration 

MET = Meteorological Adjustment Factor 

GSD = Geometric Standard Deviation 

PhBouMatemal = Geometric mean blood lead concentraticm of mother 

PbB9j,hFetal = 95tii percentile blood lead concentration of fetus 

R = Ratio of blcxxi lead concentration of fetus vs. mother 

The USEPA modified Bowers et a l , exposure parameters are presented in Table 4-8. Soil 

ingestion bioavailability and the meteorological factor were incorporated into the mcxiel 

consistent with the other mcxleling approaches. However, as for the PBPK mcxiel, the exposure 

frequencies (EFs) were input to the mcxiel as unitiess fractions. For the MEI and MLEI 

industrial/commercial evaluations, a unitiess EF of 0.68 (250/365 days) was derived assuming 

250 idays of exposure per year. For the long-term construction worker evaluations, a unitiess 

EF ctf 0.44 (160/365 days) was derived assuming 5 days of exposure per week for 8 months. 

Tlie RGs calculated using the USEPA modified Bowers et a l , model for the MEI and MLEI 

industrial/commercial worker scenarios are 6,580 mg/kg and 40,900 mg/kg, respectively. These 

concenti-dtions are generally consistent witii tiie RGs calculated using tiie PBPK model of 6,150 

mg/jcg and 72,800 mg/kg for tiie MEI and MLEI, respectively. The RGs calculated for die 

long-term construction worker MEI and MLEI scenarios were 1,660 mg/kg and 6,640 mg/kg, 
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respectively. The corresponding RGs calculated using O'Flaherty were approximately two-fold 

higher (3,750 mg/kg for die MEI and 15,600 mg/kg for tiie MLEI). 

%i-W 
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SOUTH WORKS RISK ASSESSMENT 

1 
1 EXPOSURE PARAMETER 

11 Exposure Duration (year): 

II Exposure Frequency (days/year): 

1 Body Weight (kg): 

H Bioavailability 
oral (antimony, cadmium): 

H oral (beryllium)*: 
n oral (manganese)*: 
1 oral (PAHS): 

1 dermal (antimony, cadmium): 
1 dermal (beryllium)*: 
1 dermal (manganese)*: 

1 Averaging Time (days) 
Potential Carcinogens: 

1 Noncarcinogens: 

1 Soil Ingestion Rate (mg/day): 

1 Exposed Skin Surface Area 
(cm*): 

1 Adherence Factor (mg/cm'): 

1 Meteorological Factor (unitiess): 

1 Inhalation Rate (m'/8 hrs a day): 

1 Particulate Concentration 
1 (mg/m'): | 

Industrial 
1 Commercial Scenario 

Adult 

MR! 

25 

250 

70 

100% 
6.9% 
23.5% 
50% 
1% 

0.0034% 
0.0049% 

25.550 
9,125 

50 

2,836 

1.0 

0.62 

NA 

NA 

MI,RI 

4.5 

250 

70 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
1,643 

10 

2,836 

0.2 

0.52 

NA 

NA 

1 Residential Scenario 

Adult 

1 MEI 

24 

350 

70 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034 
0.0049% 

25,550 
8,760 

50 

2,836 

1.0 

0.62 

NA 

NA 

MLEI 

3.3 

350 

70 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
1.205 

10 

2,836 

0.2 

0.52 

NA 

NA 

Child 

MEI 

6 

350 

15 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
2,190 

200 

2,195 

1.0 

0.62 

NA 

NA 

MLEI 

6 

350 

15 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
2,190 

50 

2,195 

0.2 

0.52 

NA 

NA 

1 Recreational Scenario 

Adult 

MRI 

24 

104 

70 

100% 
6.9% 
23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
8,760 

50 

2,836 

1.0 

0.62 

NA 

NA 

1 MT.VI 

3.3 

104 

70 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
1,205 

10 

2,836 

0.2 

0.52 

NA 

NA 

Chfld 

MEI 

6 

104 

IS 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
2,190 

200 

2,195 

1.0 

0.62 

NA 

NA 

MLEI 

6 

104 

15 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
2,190 

50 

2,195 

0.2 

0.52 

NA 

NA 

Ccnstniction 
Scenario 

Adult 

MEI 

1 

160 

70 

100% 
6.9% 

23.5% 
50% 
1% 

0.0034% 
0.0049% 

25,550 
365 

200 

4,300 

1.5 

NA 

20 

5 

MLEI 

1 1 1 
160 i 

70 1 

100% J 
6.9% 1 

23.5% 1 
50% 1 
1% 1 

0.0034% 1 
0.0049% H 

25,550 
365 1 

SO 1 
4.300 1 

1.5 1 

NA I 

20 1 

o.os 1 

NA Not applicable. 
a Based on the «ite-specific extraction studies (Section 4, 3). 
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TABLE 4-2 
SWEAT AND GASTRIC STUDY ALIQUOT DATA 

Sample Identincation 
Aliquot 
Volume 

Recovered 
(mL) 

Recovered Aliquot Concentration 

Manganese 
(mg/L) 

Beryllium 
(mg/L) 

SiMuMii^'HSUN--SwiAf^'Sftn^ 

Lead 
(mg/L) 

SW-Al 185 0.32 NE NA 

SW-A2 174 0.26 NE NA 

SW-Bl 184 2.7 0.00035 NA 

SW-B2 188 2.7 0.00035 NA 

Sweat Solution Blank NA 0.027 < 0.005 NA 

GA-Al 

SIMULATED G/̂ snnuc CONDITIONS STUDY 

244 NA NA 1.8 

GA-A2 244 NA NA 1.6 

GA-Bl 245 16 NA 

nA-B2 

GA-Cl 

GA-C2 

GA-Y 

GA-Z 

Gastric Acid Blank 

244 16 

243 7.2 

244 6.1 

yo.-- NA 0.039 

97 

NA 

M/V 0.035 

<0.010 < 0.005 

NE Not evaluated due to matrix interference. 
NA Not analyzed for this aspect of the study. 
< Chemical not detected at the limit of detection indicated. 

Chenucal not evaluated for this sample due to insufficient reporting limit. 

NA 

1.3 

1.1 

NA 

NA 

0.003 d 
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TABLE 4-3 
RESULT OF THE SWEAT AND GASTRIC STUDIES 

1 

y Sample 

1 ID 
p 

1 Soil 
Sample 
Weight 
(grams) 

Manganese 

Mass in Soil 
(mg) 

Mass in 
Aliquot 

(mg) 

Percent 
Extracte 

d 

1 Beryllium 

Mass in Soil 
(mg) 

Mass in 
Aliquot 

(mg) 
Percent 
Extracte 

d 

1 Lead 

Mass in Soil 
(mg) 

Mass in 
Aliquot 

(mg) 

H ^^^• •*• • • . ! # • : • • • " ^ 

SW-Al 

SW-A2 

SW-Bl 

1 SW-B2 
If 

GA-Al 

1 GA-A2 

GA-Bl 

1 GA-B2 

GA-Cl 

1 G\-C2 

GA-Y 

GA-Z 

NA 
NE 

10.01 

9.17 

10.00 

10.01 

1.04 

0.99 

1.03 

1.01 

1.01 

1.00 

NA 

NA 

Not analy2 
Not evalua 

240.2 

220.1 

52.0 

52.1 

0.0592 

0.04524 

0.4968 

0.5076 

Mean Extraction Percentage: 

0.02% 

0.02% 

0.96% 

0.98% 

0.49% 

0.01602 

0.01467 

0.0190 

0.0190 

NE 

NE 

0.000064 

0.000066 

Mean Extraction Percentage: 

NA 

NA 

0.34% 

0.35% 

034% 

SIMULATED GXŝ i'Ric CONDITIONS STITOY SAMPiii 

11.44 

10.89 

24.72 

24.24 

5.252 

5.200 

NA 

NA 

NA 

NA 

3.92 

3.904 

1.7496 

1.4884 1 

NA 

NA 

Mean Extraction Percentage: 

ed. 
ted for this sample '• 

NA 

NA 

15.9% 

16.1 

33.3% 

28.6% 

NA 

NA 

23.5% 

0.00125 

0.00119 

0.00165 

0.00162 

0.00192 

0.00190 

0.014 

0.014 

NA 

NA 

— 

— 

— 

— 

0.003764 

0.003395 

Mean Extraction Percentage: 

NA 

NA 

NA 

NA 

NA 

NA 

26.88 

24.25 

25.6% 

1.4014 

1.2838 

5.200 

5.2052 

NA 

NA 

NA 

NA 

Mean Extraction Percentage: 

1.0192 

0.9702 

0.1442 

0.1414 

0.5252 

0.5200 

NA 

NA 

Mean Extract 

0.4392 

0.3904 

NA 

NA 

0.3159 

0.2684 

NA 

NA 

ion Percentage 

1 
1 

Percent 1 
Extracte 1 

d 1 
%0r(¥m< 1 

NA 1 

NA 

^ ^ 
NA 1 

NA 1 

43.1% 1 

40.2% 

NA 1 
NA 1 

60.2% 1 
51.6% 1 

NA 1 

NA 1 
48.8% 1 

Chemical not evaluated for this sample due to insufficient reporting limit. 
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TABLE 4-4 

PARAMETERS USED IN USEPA lEUBK MODEL FOR LEAD 

MEI Evaluation 

Ftirameter Method A Method B 

Estimated Outdoor Air Concentration 
(Mg/m^)' 

Estimated Indoor Air Concentration 
(% of outdoor)* 

Ventilation Rate (m /̂day) * 

0.1 

30 

* <» • 

0.1 

30 

Dietary Intake (fig/day) * 

Concentration in Dnnkmg Water 
C/̂ g/L)' 

Drinking Water Consumption 
(IVday)' 

Concentration in Soil (mg/kg) 

Concentî ation in Dust (mg/kg) * 

Age 0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 

Age 0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 

Age 0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 

2 
3 
5 
5 
5 
7 
7 

5.53 
5.78 
6.49 
6.24 
6.01 
6.34 
7.00 

4 

0.2 
0.5 
0.52 
0.53 
0.55 
0.58 
0.59 

240" 

200 

2 
3 
5 
5 
5 
7 
7 

5.53 
5.78 
6.49 
6.24 
6.01 
6.34 
7.00 

4 

0.2 
0.5 
0.52 
0.53 
0.55 
0.58 
0.59 

387" 

200 
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TABLE 4-4 (Cont.) 

PARAMETERS USED IN USEPA lEUBK MODEL FOR LEAD 

MEI Evaluation 

Parameter Method A Method B 

Soil/Dust Ingestion Rate (mg/day)" 

111*' 

Bioavailability (%)' 

Lung Absorption (%)" 

Age 0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 

Soil/Dust 
Water 
Food 

85 
135 
135 
135 
100 
90 
85 

30 
50 
50 

32 

85 
135 
135 
135 
100 
90 
85 

30 
50 
50 

32 

a Default values (USEPA, 1994d). 
b 95 % UCL of site surface soil. 
c Adjusted 95% UCL of site surface soil incorporating the site-specific meteorological factor (62%). 
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TABLE 4-5 

lEUBK MODEL RESULTS 

1 Methodology 

fMediod A' 

1 Method B" 

MEI Evaultion' 

Resulting Percentile Below 10 /tg/dL 1 

97.89 

95.58 

mif 

a Mediod relied upon USEPA model defaults and the site-specific meteorological 
factor, 

b Mediod relied upon USEPA model defaults (1994). 
c USEP A/CDC criteria stipulate that at least 95 % of the population must be be low 

10 ugldL. 

UMSSUWOUUXKATTABLESmU^-S 



TABLE 4-6 

PARAMETERS USED IN PBPK MODEL FOR LEAD 

*<iiir 

Parameter 

Exposure Frequency - Soil Ingestion* 
Construction Scenario: 

Industrial/Conunercial Scenario: 
Residential Scenario 

Recreational Scenario: 

MEI Evaluation 

Exposure Frequency - Particulate Inhalation* 
Construction Scenario: 

Estimated Outdoor Air Concentration (/tg/ â ) 
Construction Seer jio": 

All Other Seer jios': 

Inhalation Rate (mVday)*" 
ChUd: 
Adult: 

Dietary Intake (/tg/day)' 

0.438 
0.423 
0.594 
0.177 

0.438 

1.1 
0.15 

14.2 
9.7 

Child: 
Adult: 

Concentration in Drinking Water ' >*g/L) 

Drinking Water Consumption (L day)" 
ChUd: 
Adult: 

Soil Ingestion Rate (mg/day)"* 
Child (ag- specific): 0 - 1 

1-4 
4 - 5 
5 - 6 
6 - 7 

.Adult (Construction Scenario) 
Adul* (All Odier Scenarios) 

Gastrointestinal Absorpt.on (%)' 
Child: 
Adult: 

Bioavailability (%)' 

6.2 
30.0 

0.5 
2.0 

85 
135 
100 
90 
85 
200 
50 

26 
8 

48.8 

b 
c 
d 
e 

Based upon the e posure frequoicies discussed in Section 4.3. 
Based upon the particulate air concentrations iliscussed in Section 4.3. 
Model defoult parameters (O'Flaherty, 1991a,b,c; 1993; 1995) 
USEPA default parameters (USEPA, 1994a). 
Site-specific hi ^availability (Section 4.3.2). 

MLEI Evahiation 

0.438 
0.356 
0.499 
0.148 

0.438 

0.008 
0.15 

14.2 
9.7 

6.2 
30.0 

0.5 
2.0 

85 
135 
100 
90 
85 
50 
10 

26 
8 

48.8 
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TABLE 4-7 

PBPK MODEL RESULTS 

Scenario 

Resddential Scenario 

RGs for Soil 
(mg/kg) 

MEI Evaluation 

932 

MLEI Evaluation 

932 

Recreational Scoiario 3,790 3,790 

Industrial/Commercial Scenario 6,150 72,800 

I-ong-term Construction Scenario 3,750 15,600 

Short-term Construction Scenario 2,080 18,650 

'•I , 0 
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TABLE 4-8 

PARAMETERS USED IN THE BOWERS et al. MODEL FOR LEAD 
INDUSTRIAL/COMMERCIAL SCENARIO 

inili \ P 

1 MODEL PARAMETER 1 

1 R (Mean ratio of fetal to maternal PbB) 

1 Individual geometric standard deviation (GSD) 

1 Bai^line blood lead value (PbBo) (/tg/dL) 

1 Biokinetic slope factor (BKSF) (/xg/dL per /ig/day) 

Soil ingestion rate (IR) (mg/day) 
Industrial Commercial MEI: 

MLEI: 
Construction MEI: 

MLEI: 

Exposure frequency (days/week) (%) Industrial/Commercial: 
1 Construciton: 

Meterological factor (%) 
Industrial/ Commercial MFI: 

I M L E I : 
II Construction: 

1 Oial absorption fraction for lead in soil or dust (%) 

1 Bioavailability Matrix Release Fraction (%) 

VALUE 1 

0.85' 1 
1.8' 1 

2.2' 1 
0.4' 1 

50^ 
10" 
200 
50 

0.68' 
0.44" 

0.62 
0.52 
1.0 

0.08' 

48.8' 

a lEPA suggested value. 
b See Section 4.3.2. 
c Based upon 250 days/365 days (USEPA, 1991). 
d Based on 160/365 days. 
e Based on site-specific bioavailability study (Section 4.3.2.). 
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FIGURE 4-1 

INTEGRATED EXPOSURE UPTAKE BIOKINETIC MODEL RESULTS 
METHOD A 

•tiiii * ' 

9< . 4 
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•i< e 

.a -
< «• 

1 1 1 1 1 1 — 

Cutoff: l e . e u«/ai. 
X A i i o w a : 2 . 1 1 
X B a l o w : 9 7 . 8 9 
G . r t a « n : 3 . 9 

LEA]» e . 9 9 d 
4 6 8 l a 12 14 

BUWD LXAD CONCENTRATION <uv/'aL> 
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Results obtained using 387 mg/kg surface soil concenti^tion and site-specific 
meteorological factor. 



nGURE4-2 

INTEGRATED EXPOSURE UPTAKE BIOKINETIC MODEL RESULTS 
METHOD B 

« i i i # ' 
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•» (L. 

R e 
n e 

« x 

.a 

J) 
<i 
J) 
0 
! • 

- I — r T — I — r T — I — r 
C u t o f f : 

y. Abow*: 
X B e l o w : 
c . noAn: 
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VEt\ii e .9 i»a 
6 8 18 12 14 16 18 
BLOOD LEAD CONCENTRATION <u«/'aL> 

a to 84 Months 

28 22 24 

Results obtained using 387 mg/kg surface soil concentration and USEPA default 
parameters. 



5.0 RISK CHARACTERIZATION 

This section of the risk assessment compares die RGs to each individual soil sample collected 

in die Phase m Site Investigation and the RGs for lead to sampling data from all Uiree phases 

(WTI, 1993a,b; 1994). The RGs protective of carcinogenic responses are based on a theoretical 

excess cancer risk range of 1 x 10"' to 1 x 10^ for each chemical individually, and the RG for 

each noncarcinogenic COI is based on a hazard index of one as previously agreed upon by USX 

and the lEPA (ChemRisk*, 1995). 

Should two or more carcinogens occur in the same area at or just below their respective RGs 

mip at a 10"' risk, the total additive risk will exceed die 1 x 10"* risk level. However, even if all of 

the circinogens occur together at any one location at their RG levels at the South Works site, 

die total cancer risk, will not exceed die USEPA acceptable risk range of la* to 10^ (USEPA, 

1989a), as there are less than 10 potential carcinogens identified in soil at the South Works site 

(10"' * 10 = 10"*). The same relationship holds true for noncarcinogens affecting the same target 

organ. Additivity of cancer risk and noncancer hazards due to multiple chemical exposures at 

Soudi Works are discussed further in die Section 5.1. 

5.1 REMEDIATION GOALS (RGs) 

As discussed in Section 4.0, RGs were calculated for the following future Land use sc^iarios: 

residî ntial (child and adult), recreational (child and adult), industrial/commercial (adult only), 

and construction scenarios (adult only). For the carcinogenic COIs, child and adult exposures 

were combined to calculate die lifetime average exposure per USEPA guidance (USEPA, 

1989 a). Each scenario evaluated potential exposure via incidental soil ingestion and dermal 
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1991), and 10 mg per day for adults (Paustenlwch, 1987; Calabrese et a l , 1991) as discussed 

in Section 4.3.2], the residting RG would be 10 mg/kg. Therefore, even the maximum 

concentration of beryllium in site soil (9.8 mg/kg) would fall below the RG for the residential 

MEI scenario for the 10"̂  risk level. These rates of soil ingestion, as taken from the recent 

scientific literature, are more realistic and have been used for evaluating die MEI scenario in 

another lEPA-approved risk assessment (ChemRisk*, 1989). 

Unosrtainties associated with the evaluation of beryllium as a carcinogen and the USEPA cancer 

slope factor for beryllium are discussed in Section 5.2.2. 

Comparison of Site Data with RGs Protective of a 10'̂  Cancer Risk 

The concentrations of all chemicals in Soudi Work's soil were below the RGs protective of a 10** 

theoretical increased cancer risk. As discussed in Section 5.3, the use of a 10"' acceptable risk 

level is consistent with past regulatory decision making. 

Comparison of Site Data with RGs Protective of a Noncancer Hazard 

The RGs for all noncarcinogenic chemicals, except lead, for all exposure scenarios (MEI and 

MLEI) are higher than the concentrations of the noncarcinogenic chemicals in site soils. Three 

samples contained lead at levels that exceed the residential RG calculated for the MEI scenario 

(932 mg/kg) using die O'Flaherty PBPK model. Specifically, samples SS-9-01, SS-27-01, and 

SS-28-01 contain lead concentrations of 3,200, 1,200, and 1,5(X) mg/kg, respectively. In 

addition, die lead RG for die MEI short-term construction worker scenario (2,080 mg/kg) 

exceeded the concentration of lead at one sampling location (SS-9-01) which contained die 

ma:umum lead concentration (3,200 mg/kg). This location also exceeded the RG for the long-

tenn construction MEI scenario calculated using the USEPA modified Bowers et al. (1994) 

modeling approach, as well as the residential MEI, and should be addressed prior to site 

redevelopment. Site soil concentrations did not exceed the lead RGs for any odier scenario. 

The locations of samples where lead concentrations exceed the RGs are pro /̂ided on Figure 5-2. 

/^alytical data from confirmatory sampling in areas currentiy undergoing demolition, 
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remediation (sewers) or sediment removal will be compared to the RGs calculated in this HRA 

to ensure protection of public health. 

Additivity of Risk 

With the exception of beryllium, the RGs for all of the carcinogenic COIs at a 10"' risk are more 

than an order of magnitude higher than the maximum measured concentrations. Therefore, the 

total additive risk associated with multiple chemical exposures, for all scenarios, at South Works 

does not exceed the 10"' acceptable risk level. Likewise, for the noncarcinogenic chemicals, 

multiple chemical exposures would not result in a total hazard index greater dian one, except 

where the concentrations of lead alone exceed the RG for the MEI residential scenario. This 

is because, as discussed in die Dose Response Section (3.0), only lead and manganese have the 

same critical effect (the central nervous system disorders) by the oral and/or dermal routes of 

exposure (the only exposure pathways of interest for the residential, recreational and 

industrial/commercial scenarios), and the RGs for manganese are more than twice the maximum 

leveiis of manganese measured in surface and subsurface soils. 

If b<;ryllium was excluded from consideration, the total additive risk would exceed the 10* risk 

level at only one sample location, SB-37-1, where, for the residential MEI, both benzo(a)pyrene 

and dibenz(a,h)anthracene were detected at their maximum concentrations. This conclusion was 

drawn by comparing the measured concentrations of each PAH to their residential RGs at a 10"* 

risk level. For both PAHs at SB-37-1, the measured concentration was less Uian half of the RG 

(Tal)le 5-2), and tiierefore, when considered together, the total risk would exceed the 10* risk 

level. For all other scenarios and sample locations, die total additive risk would not exceed 10"*. 

5.2 UNCERTAINTY ANALYSIS 

There are multiple sources of uncertainty that may be identified for any risk characterization. 

Ihese include, among others, uncertainty associated with the toxicity criteria used to derive 

do&2-response factors, uncertainties associated with exposure parameters used in the exposure 
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assessment and uncertainties associated with combining exposure parameters and toxicity criteria 

ill the risk characterization. 

Some level of uncertainty is introduced into a risk assessment each time an assumption is relied 

upon to describe a dynamic parameter. Some assumptions have a significant scientific basis, 

while odiers do not which results in the selection and use of conservative, default exposure 

parameters in the exposure assessment. The selection of multiple conservative assumptions in 

die exposure assessment generally results in an overestimation of potential health risks associated 

with exposure to specific chemical constituents. The primary areas of uncertainty for this risk 

assessment are qualitatively discussed below. 

5.2.1 Uncertainties Associated with Site Sampling 

Thret; major soil sampling efforts have been completed by Waste Technology, Inc. (WTI) to 

characterize the environmental condition of the Soudi Works site. Samples obtained during both 

the Phase I and Phase 11 investigations were deliberately biased in an attempt to locate the 

greatest level of potential contamination at the site. Sample biasing was accomplished based on 

visual observations such as color, texmre and moisture. Odor was also considered in sample 

location selection. For example, if 1,000 square feet of TPH staining was observed, die 

individual conducting the sampling obtained the sample from that spot within the 1,000 square 

feet liaving the darkest color and most odor. Similarly, if suspected electric fiimace dust was 

obsei'ved covering an area, the sample was obtained only of the dust, at the exclusion of slag, 

soil or other soil components. 

A soil sampling grid was established for the Phase III investigation of the South Works site. 

Soil samples were obtained at pre-determined locations and depths throughout the entire site. 

Unlike sampling in previous phases, all materials (e.g., soil, slag, etc.) found within die pre-

estabtlished sampling locations were included in the sample sent to the laboratory for analyses. 

Because the sampling methodology employed in the Phase HI investigation was not biased, but 

evenly and uniformly covered the site, die Phase III data are the most appropriate for use in the 
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risk assessment. Uncertainties associated with these data do not bias the assessment in either 

direction (i.e., neither overestimate or underestimate risk). 

It should be noted that analytical data from confirmatory sampling in areas currentiy undergoing 

demolition, remediation (sewers) or sediment removal will be compared to the RGs calculated 

in this HRA. Additional areas of remediation may be identified in the future and are not shown 

in tlis report. 

5.2.2 Uncertamties Associated With the Dose-Response Assessment 

A L'trge source of uncertainty in risk assessment is derived from die quantitative indices of 

toxicity [reference doses (RfDs) and slope factors (SFs)]. To compensate for uncertainties, RfDs 

and SFs are based on concepts and assumptions that bias an evaluation in the direction of 

overestimation of healdi risk. The degree of uncertainty associated with RfDs and SFs is 

dependent on the amount and type of information available, as well as die overall confidence in 

the data set used to derive these factors. 

As discussed in Section 3.0, an RfD is an estimate of the daily exposure to the population that 

is likely to be without an appreciable risk of deleterious effects during a lifetime. An uncertainty 

factor is used in calculating the RfD and reflects scientific judgement regarding die various 

typss of data used to estimate RfD values. An uncertainty factor of 10 is generally used to 

account for variations in human sensitivity when exti:apolating from valid human studies 

involving long term exposure of average healthy subjects or worker populations. An additional 

factor, ranging in value from 1 to 10, is generally used to account for the uncertainty in each 

of the following extrapolations: from long-term animal studies to humans, from a LOAEL 

(lowest observed adverse effect level) to a NOAEL (no observed adverse effect level) and from 

sutKJhronic exposures to lifetime exposures, as appropriate. An additional modifying factor 

I'arging from 1 to 10 may be applied based on professional judgement in the quality of the 

toxicity data base. The default value for tins modifying factor is 1 (USEI*A, 1993a). 
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The uncertainty factor associated with the RfD for manganese is 1, indicating a low level of 

uncertainty although the overall level of confidence in the toxicity data is low. In this case, the 

RiD is based on an epidemiological study of a sensitive human population, exposed over their 

lifetime, to manganese in drinking water (Kondalds et al., 1989). Greater uncertainty is present 

in the RfD for antimony with an uncertainty factor of 1,000. Because uncertainty fiactors are 

always incorporated into RfDs, it is unlikely diat any RfD underestimates risk. 

Additionally, USEPA cancer SFs are developed using variations of the Linear Multistage Model 

(LMS) for carcinogenicity. The LMS is highly conservative as it assumes strict linearity 

bet̂ A'een dose and effect to zero dose assuming no threshold for carcinogenicity. However, the 

human body has mechanisms to detoxify most chemicals particularly at low doses, and therefore 

many scientists believe diat most, if not all carcinogens, only cause cancer above a "threshold 

dose." 

Ber̂ /llium 

Ben/llium has never been shown to cause cancer in animals or humans by the oral route of 

exposure. Even though occupational exposure to beryllium has been studied extensively, no 

studies have demonstrated a statistically significant increased risk of cancer in humans exposed 

to beryllium. However, based on an evaluation of all toxicity data combined, USEPA associates 

an increased lung cancer rate with inhalation exposure to beryllium, ranking it as a probable 

human carcinogen (B2). Beryllium has been shown to induce lung cancer in rats and monkeys 

upon inhalation and osteosarcomas (bone cancer) in rabbits upon intravenous and intramedullary 

injection. The Agency for Toxic Substances and Disease Registiy (ATSDR) conducted a 

liteiature search to review the published research regarding the carcinogenic potraitial of 

ber,fllium, when administered orally, and concluded that "beryllium has not been found to cause 

cani::er in animals after oral exposure." The animal carcinogenicity data that do exist are 

described briefly below. 

Morgareidge et al. (1975) found a carcinogenic response (osteosarcomas) in male rats upon 

exposure to 0.3 and 2.8 mg beryllium/kg-day in the diet for two years. However, no increased 
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inddence was observed among the highest dose group (31 mg beryllium/kg-day) in eitiier male 

or female rats. Schroeder and Mitchraer (1975a,b) did not observe an increased incidence of 

tumors in rats or mice exposed chronically to 0.7-0.95 mg beryllium/kg-day, respectively, as 

beryllium sidfate in drinking water. The incidence of total tumors in treated male rats (9 of 33) 

was slightiy increased (but not statistically significantiy elevated) as compared to controls (4 of 

26). ATSDR concludes diat none of the available literature provide conclusive evidence that 

beryllium is carcinogenic via oral exposure. 

Desi)ite diis lack of evidence, die USEPA has derived an oral slope factor (SF) for beryllium. 

The Integrated Risk Information System (IRIS) (USEPA, 1995b) provides die basis of die 

USI-PA derived SF. Specifically, osteogenic sarcomas were observed in a total of 16 separate 

studies evaluating rabbits by intravenous and intramedullary injection (USEPA, 1991c). Tumors 

wen? induced by beryllium oxide, zinc beryllium silicate, beryllium phosphate, beryllium 

silicate, and beryllium metal. No bone tumors were reportedly induced by intravenous injection 

of beryllium oxide or zinc beryllium silicate in rats or guinea pigs (Gardner and Heslington, 

1946). The Agency's discussion of confidence for the oral SF provides very littie as to the 

rationale for classifying beryllium as an oral carcinogen. In fact, die IRIS states that 

"...the estimate [slope factor] is derived from a study which did not show a 
significant increase in tumorigenic response. While this study is limited by use 
of only one non-zero dose group, the occurrence of high mortality and 
unspecified type and site of tumors, it was used as the basis of the quantitative 
estimate because exposure occurred via the most relevant route [oral]." 

The SF for beryllium is particularly conservative (i.e., health protective) in that it is based on 

a single (non-zero) data point from a rat bioassay which represents a nonstiitistically significant 

increased rate of cancer found in the Schroeder and Mitchener (1975a) study (USEPA, 1995b). 

In addition, the SF was calculated using die "ultra risk" version of die Linearized Multi-Stage 

Model which assumes that the slope of the line between the single data point and zero dose is 

lin«!ai'. Therefore, the evaluation of beryllium as a carcinogen, as well as the method for 

qU(Lntifying the theoretical increased risk of cancer, should be considered extremely conservative. 
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5JS.3 Uncertainties Associated with Exposure Parameters 

A variety of uncertainties are associated with the exposure assessment portion of the risk 

asses!;ment. Several conservative, defiault exposure parameters were incorporated into the 

exposure assessment to define general population behavior. These default exposure parameters 

are U SEPA recommended values that are intended to be conservative and representative of an 

individual who consistentiy and frequentiy contacts site soil. Additionally, "soil" at South Works 

consists mosdy of molten slag and the bioavailability of COIs from this matrix is expected to 

be very low, much lower than from soil. Therefore, die potential for systemic absorption upon 

direct contact with the soil/slag at South Works is reduced and potential future exposures are 

likely to be overestimated. 

It is also important to note that the RGs that were developed in this risk assessment are based 

upon the assumption that an individual will be continuously exposed to the RG concentration 

calculated for each exposure scenario (i.e., children ingest all of dieir daily soil from the site 

and none from other sources). This will not likely be the case because individuals will contact 

soil at non-site locations (i.e., a school yard) and most of die concentrations of each COI 

detected in soil across the site are significantiy below dieir calculated RGs. Therefore, die actual 

risk to human health will be much less than the 1 x 10"̂  or 1 x 10'*' theoretical increased cancer 

risk level and the hazard index of 1. 

In 01 der to understand the effect of using an upper-bound estimate for daily soil ingestion on the 

results of diis HRA, die RG for the residential MEI was recalculated using more reasonable soil 

ingestion rates from the recent peer-reviewed scientific literature. Specifically, as discussed in 

detail in Section 4.3.2, more reasonable rates of soil ingestion for children and adults are 

ai>proximately 25 mg/day and 10 mg/day, respectively (Calabrese et a l , 1989; (Zalabrese and 

Stanek, 1991; Paustenbach, 1987; Calabrese ̂ r a l , 1991). When Uiese soil ingestion rates are 

u:»cl in the RG equation, the resulting MEI residential RG for beryllium, at a 10"* risk level, is 

10 rng/kg. While this RG is less than an order of magnitude greater than die RG calculated in 

diis HRA for the MEI residential scenario at a 10"* risk level (1.3 mg/kg), die results of the 

L:ussjwo«K3«AffE3cn 5 - 9 C H E M R I S K ' - A DIVISION OF M C L A R E N / H A R T 



< * ' , * ' 

USX South Works August 25, 1995 

assessment would be substantially different in that the measured levels of beiyllium in site soil 

are all less than 10 mg/kg (maximum concentration=9.8 mg/kg). These more realistic rates of 

soil ingestion have been used for the MEI evaluation of another lEPA-approved risk assessment 

(ChemRisk, 1989). 

5J2.4 Uncertainties Associated with Risk Characterization 

Uncertainties in the risk characterization portion of the risk assessment for the site are a 

combination of the uncertainties associated with both the dose-response assessment and the 

exposure assessment. As discussed above, the assumptions and parameters used for both the 

dose response and exposure assessments are extremely conservative. In addition, since the 

toxicity criteria and exposure parameters are combined in the risk characterization, the 

conservatism is compounded. The RGs calculated in this HRA ensure the protection of even the 

most highly exposed sensitive subpopulations (i.e., a pregnant female constiiiction worker and 

young child) and will overestimate the degree of necessary remediation to protect the general 

population. Therefore, die results of this HRA must be carefully interpreted considering die 

uncertainty and conservatism associated with the analysis, especially where management 

decisions are made. 

5.3 CANCER RISK CRITERIA AND REGULATORY POUCY 

Recent reviews of USEPA decisions (Travis et a l , 1987a;b) indicate that die tiieoretical cancer 

risks associated widi currentiy enforced environmental regulations are in the vicinity of 1 in 

100,000 (1 X 10-*), versus 1 in 1,000,000 (1 x 10^). In a rettospective review of die use of 

cancer risk estimates in 132 federal decisions, Travis et a l (1987a) examined die level of cancer 

risk that triggered regulatory action. The authors considered three measures, of risk: individual 

risk (an upper-limit estimate of the probability that the most highly exposed individual in a 

population will develop cancer as a result of a lifetime exposure), size of the population exposed, 

and population risk (an upper-limit estimate of the number of additional cases of cancer in die 

exposed population). 
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Travis et a l (1987a) found that for exposures resulting in a small-population risk, the level of 

risk above which agencies almost always acted to reduce risk was approximately 4 x 10*̂ . For 

small-population risks, agencies typically acted on risks of about 3 x 10"*. For effects on small 

populations, regulatory action was never taken for individual risk levels below 1 x 10^. For 

large-population effects (e.g., potential nationwide exposure), the de minimis risk level dropped 

to 1 X 10"*. Consequentiy, die level of acceptable individual risk is usually dictated by the size 

of die exposed population. While the size of the South Works site is large (approximately 567 

acreii), d:ie analysis conducted in this HRA evaluates each individual sampling location separately 

by comparing RGs to die measured levels of COIs in each sample. The size of a population that 

could be exposed to the area represented by a single sampling location is expected to be quite 

small under any land use scenario. Therefore, the potentially exposed future populations at the 

South Works site may be thought of as small populations exposed to relatively small areas. 

Rodricks et a l (1987) also evaluated regulatory decisions and reached similar conclusions. In 

decisions relating to promulgation of National Emission Standards for Hazaidous Air Pollutants 

(NESHAPs), the USEPA has found the maximum individual risks and total population risks from 

a number of radionuclide and benzene sources too low to be judged significant. Maximum 

individual risks were in die range of 3.6 x 10"' to 1.0 x 10'. In view of die risks deemed 

insignificant by USEPA, Rodricks et a l (1987) noted diat 1 x lO'* (1 in 100,000) appears to be 

in die range of what the USEPA might consider an insignificant average lifetime risk, at least 

where aggregate population risk is no greater dian a fraction of a cancer yearly. 

The National Contingency Plan (USEPA, 1990) has set the acceptable risk range between 10^ 

and 10* at hazardous waste sites regulated under CERCLA. In die recentiy promulgated 

Haaaidous Waste Management System Toxicity Characteristics Revisions (55 FR 11798-11863), 

die USEPA has stated diat: 

"For drinking water contaminants, EPA sets a reference risk range for 
carcinogens at 10^ to 10"* excess individual cancer risk from lifetime exposure. 
Most regulatory actions in a variety of EPA programs have generally targeted this 
range using conservative models which are not likely to underestimate the risk." 
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The USEPA has selected and promulgated a single risk level of 1 in 100,000 (1 x 10"') in die 

liazardous Waste Management System Toxicity Characteristics (TC) Revisions (55 FR 

11798-11863). In dieir justification, die USEPA cited die following rationale: 

"The chosen risk level of 10"' is at die midpoint of die reference risk range for 
carcinogens (10^ to 10*) targeted in setting MCLs. This risk level also lies 
widiin die reference risk range (10"* to 1 0 ^ generally used to evaluate CERCLA 
actions. Furthermore, by setting the risk level at 10"' for TC carcinogens, EPA 
believes that this is the highest risk level diat is likely to be experienced, and 
most if not all risks will be below diis level due to the generally amservative 
nature of the exposure scenario and die underlying healtii criteria. For these 
reasons, the Agency regards a 10"* risk level for Group A, B, and C carcinogens 
as adequate to delineate, under die Toxicity Characteristics, wastes that clearly 
pose a hazard when mismanaged." 

When considering these limits, it is interesting to note that many common human activities 

involve annual risks greatiy in excess of one in one million. These have been discussed by 

Grover Wrenn (1986), former director of Federal compliance and State Programs at OSHA, as 

follows: 

"Fjuunination of the risks of common human activities demonstrates .. . a lifetime 
risk of 1 in 100,000 or more is widiin die realm of, or orders of magnitude 
below, everyday risks diat generally do not cause undue concern. T h e ^ are risks 
diat people, while diey are aware of diem and may have some conc«m or fear 
over diem, do not in general alter their behavior to avoid. The risks from many 
activities greatiy exceed die level of one in 100,0(X). In comparison to these 
background risks of "everyday activities," a lifetime risk of I in 100,000 is 
relatively small. Accordingly, regulatory action will not generally be justifiable 
unless risks are substantially higher dian this 1 in 100,000 benchmaik." 

Ultimately, die selection of an acceptable and de minimis risk level is a policy decision in which 

both costs and benefits of anticipated courses of action should be thoroughly evaluated. It is 

noteworthy that actuarial data and risk estimates of common human activities, regulatory 

piecedents, and die relationship between the magnitude and variance of background and 

incremental risk estimates all provide compelling support for the adoption of die de minimis risk 

level of 1 X 10"*, or greater, for regulatory purposes. 
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Summary 

In this assessment, the RGs for the carcinogenic COIs were calculated based upon a cancer risk 

]-ange of 10"' to 10*., Determining the level of risk that is acceptable for a ])articular site is a 

risk nrianagement decision for state and federal regulators. However, this target risk range is 

v̂idiin die range considered acceptable by die USEPA for Superfund Sites (10"* to lO"') (USEPA, 

1990), 

Furth<;r, it is noteworthy that only the RGs protective of a 1 x 10* increased risk level for 

l̂ eryllium are exceeded by site concentrations, and as discussed throughout this HRA, the 

beryllium RGs for a 10"* risk level should not be used to guide remedial efforts because: 1) diey 

:are within the range of naturally occurring background levels of beryllium in soil, 2) beryllium 

has never been shown to cause cancer in animals or humans following oral exposure, 3) the 

bioav;iilability of metals in slag material on die site is very low, and 4) die RGs were calculated 

using very conservative assumptions regarding the level, frequency and duration of exposure. 

For diese reasons, the RGs for beryllium protective of a 1 x 10"* increased cancer risk level, 

which were not exceeded by concentrations of beryllium in site soil, are protective of human 

heald-i. 
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TABLE 5-1 
RE.MEDIATION GOALS BASED ON A 1 x in-* CANCER RISK AND HAZARD INDEX OF ONE 
FOR THE RESIDENTIAL, RECREATIONAL, AND INDUSTRIAL/COMMERCIAL SCENARIOS 

(ing/kg) 

1 
Chemical 

1 

II Antimony 

1 Beryllium 

II Cadmium 

Lead 

1 Manganese 

1 Benzo(a)anthracene 

Benzo(a)pyrene 

1 Benzo(b)fluoranthene 

II Dibenz(a,h)anthracene 

1 Indeno(l,2,3-cd)pyrene 

Maximum 
Surface Soil 

Concentration 
(mg/kg) 

7.6 

9.3 

89.1 

3,200 

29,900 

1.3 

1.7 

1.6 

0.57 n 

1.3 

Residential Scenario 

MEI 

Adult 

601 

Child 

46 

11' 

1,500 

NC 

>10* 

114 

932 

75.000 

185" 

23.8" 

207" 

134" 

173" 

MLEI 

Adult 

1,960 

Child 

158 

62" 

4,890 

NC° 

>10' 

394 

932 

355.000 

1,050" 

135" 

1,170" 

75.9" 

977" 

Recreational Scenario 

MEI 

Adult 

2,020 

Child 

153 

37" 

5,060 

NC 

>10* 

383 

3,790 

253,000 

624" 

80" 

695" 

45.1" 

581" 

MLEI 

Adult 

12,100 

Child 

745 

210* 

30,200 

NC 

>10* 

1,860 

3,790 

>10« 

3,530" 

453" 

3,930^ 

255" 

3,290' 

Industrial/Commercial 
Scenario 

MEI 

841 

83.3^ 

2,100 

6,150 

>10* 

1,180«' 

151^ 

1,310" 

85.2" 

1,100" 

MLEI 

5,020 

2,760" 

12,500 

72,800 

>10' 1 
39,000" 1 

5,000" 

43,400" 1 

2,820" 1 

36.300" 1 

a 
b 
c 
NC 

Value is for adult and child exposure combined based on carcinogenic effects. 
Based on carcinogenic effects for adults only. 
RG for child exposure is also protective for adult exposures. 
Not Calculated 
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TABLE 5 - 2 
REMEDIATION GOALS BASED ON A 1 x 10^ CANCER RISK 

AND A HAZARD INDEX OF ONE 
FOR THE CONSTRUCTION SCENARIO 

(mg/kg) 

1 
1 Chemical 

1 Antimony 

] Beryllium 

Cadmium 

1 Lead 

1 Manganese 

1 Benzo(a)andiracene 

1 Benzo(a)pyrene 

Benzo(b)fluoranthene 
1 

Dibenz(a,h)anthracene 

j Indeno(l,2,3-cd)pyrene 

Maximum Soil 
Concentration'* 

(mg/kg) 

64.7 

9.8 

89.1 

3.200 

35,900 

1.7 

1.7 

1.6 

0.57 

1.3 

Construction Scenario 

MEI 

241 

224" 

534 

3,750 

443,000 

805" 

84.6" 

821' 

76.7' 

796" 

MLEI 

558 

1,900' 

1,390 

15,600 

>10« 

3,650" 

383" 

3.720" 

347" 

3,600" 

Short-Term Construction Scenario | 

MEI MLEI 

NC 1 NC 1 
NC 

NC 

2,080 

NC 

NC 

NC 

NC 

NC 

NC 

NC 

NC 

18,650 

NC 1 
NC 1 
NC 

NC 

NC 

NC 1 

a Based on carcinogenic effects for adults only. 
b Soil concentrations for both surface and subsurface soils. 
NC Not Calculated 
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TABLE 5-3 
REMEDIATION GOALS BASED ON A 1 x lO"* CANCER RISK AND HAZARD INDEX OF ONE 
FOR THE RESIDENTIAL, RECREATIONAL, AND INDUSTRIAL/COMMERCIAL SCENARIOS 

(mg/kg) 

II 

Chemical 

Antimony 

Beryllium 

H Cadmium 

1 Lead 

1 Manganese 

1 Benzo(a)anUiracene 

1 Benzo(a)pyrene 

1 Benzo(b)fluoranthene 

1 Dibenz(a,h)anthracene 

1 Indeno(l,2.3-cd)pyrene 

Maximum 
Surface Soil 

Concentration 
(mg/kg) 

7.6 

9.3 

89.1 

3,200 

29,900 

1.3 

1.7 

1.6 

0.57 

1.3 

Residential Scenario 

MEI 

Adult 

601 

Child 

46 

1.1' 

1,500 

NC 

>10' 

114 

932 

75.000 

18.5' 

2.38" 

20.7" 

13.4" 

17.3" 

MLEI 

Adult 

1.960 

Child 

158 

6.2' 

4,890 

NC 

>10' 

394 

932 

355.000 

105' 

13.5" 

117" 

7.59" 

97.7" 

Recreational Scenario 

MEI 
i 

Adult 

2.020 

Child 

153 

3.7" 

5.060 

NC 

>10' 

383 

3.790 

253,000 

62.4' 

8.0" 

69.5" 

4.51" 

58.1" 

MLEI 

Adult 

12,100 

Child 

745 

21' 

30,200 

NC 

>10* 

1,860 

3,790 

>10« 

353' 

45.3' 

393" 

25.5' 

329* 

Industrial/Commercial 1 
Scenario | 

MEI 

841 

8.3" 

2,100 

6,150 

>10* 

118" 

15.1" 

131" 

8.5" 

110" 

MLEI 1 

5,020 1 

276" 1 

12,500 1 

72.800 1 

>10* 1 

3900" 1 

500" 1 

4340" 1 

282" 1 

3630" 1 

a Value is for adult and child exposure combined based on carcinogenic effects. 
b Based on carcinogenic effects for adults only. 
c RG for child exposure is also protective for adult exposures. 
NC Not Calculated 
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TABLE 5 - 4 
REMEDIATION GOALS BASED ON A 1 x 10-* CANCER RISK 

AND A HAZARD INDEX OF ONE 
FOR THE CONSTRUCTION SCENARIO 

(mg/kg) 

1 
Chemical 

II Antimony 

II Beryllium 

Cadmium 

1 Lead 
II Manganese 

1 Benzo(a)anthracene 

1 Benzo(a)pyrene 

1 Ben2o(b)fluoranthene 

1 Dibenz(a.h)anthracene 

1 Indeno(l,2,3-cd)pyrene 

Maximum Soil 
Concentration^ 

(mg/kg) 

64.7 

9.8 

89.1 

3,200 

35.900 

1.7 

1.7 

1.6 

0.57 

1.3 

Construction Scenario 

MEI 

241 

22.4' 

53.4 

3,750 

443.000 

80.5" 

8.46" 

82.1' 

7.7" 

80" 

MLEI 

558 

190" 

1.390 

15.600 

>10« 

365" 

38.3' 

372" 

34.7" 

360" 

Short-Term Construction Scenario 1 

MEI 

NC 

NC 

NC 

2,080 

NC 

NC 

NC 

NC 

NC 

NC 

MLEI 

NC 

NC 

NC 

18,650 

NC 

NC 

NC 

NC 

NC 

NC 
— — — = s = s s s = 

a Based on carcinogenic effects for adults only. 
b Soil concentrations for both surface and subsurface soils. 
NC Not Calculated 
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TABLE 5-5 

SITE SAMPLES WHICH EXCEED THE CALCULATED RGs FOR THE SITE 
BASED ON A RISK OF 1 x 10^ 

"iiiiii • p 

Maximally Exposed Individual 

i Beryllium: 

SB-7D-1 
SB-27-1 
SB-29-1 
SB-31-1 
SB-33-1 
SB-35-1 
SB-37-1 
SB-39-1 
SB-41-1 
SB-43-1 
SB-9D-1 
SB-45-1 

(MEI) 1 
Most Likely Exposed Individual | 

(MLEI) 1 

':'•••:^}<ti^asmfnm^SMi^fM^' •"'' • -W^x^ 

SB-14D-1 
SB-28-1 
SB-30-1 
SB-32-1 
SB-34-1 
SB-36-1 
SB-38-1 
SB-40-1 
SB^3-1 
SB-44-1 
SB.46-1 

Beryllium: 1 

SB-28-1 SB-29-1 1 

1 

II 
II RECREATIONAL SCENARIO' | 

\ Beryllium: 

SB-28-1 
SB-34-1 
SB-36-1 
SB-7D-1 

SB-29-1 
SB-35-1 
SB-46-1 
SB-31-1 

1 
-None-

II ; INDUSTRIAL/COMMERCIAL SCENARIO* | 

1 -None- -None- 1 

1 CONSTRUCTION SCENARIO" : | 

Cadmium: 

1 SB-39-2 

-None-

a RGs compared to surface soil sampling data only. 
b RGt compared to both surface and subsurface soil sampling data. 
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TABLE 5-6 

S r r e SAMPLES WHICH EXCEED THE CALCULATED RGs FOR LEAD AT THE SITE 

<• ! »• 

Maximally Exposed Individual 
(MEI) 

11 

b 

Most Ukely Exposed Individual 
(MLEI) 

•1nHv; |̂::s||ii:||i;:?:.':^ 

SS-9-1' SS-27-1* 
SS-28-1* 

SS-9-1' 
SS-28-1"' 

SS-27-1* 

M\'':'W''^^'^§W'.-'''-'^^^^^ ''/I:̂ H:''-^--:''-:̂ -'-^--^^^^^^^^^ 

-none -none- \ 

INDUSTRIAL/COMMERCIAL SCENARIO" PBPK MODEL | 

-none- -none- | 

LONO-TitoMCoNSTTRUCTiON SCENARIO^ j 

ss-9-r -none- | 

SHbRTrlllftM CoiS i s^ SCENARIO* PBPK MODEL j 

SS-9-1 

RGt compared to sur&ce toil sampling data on 
RGt compared to both turface and lubsurface 

-none-

ly. 
toil sampling data. 

1 

Only exceeded for USEPA modified Bowers et aL (1994) modeling approach. 
Only exceeded for O'Flaherty modeling approach. 
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6.0 CONCLUSIONS 

This HRA presents site-specific remedial goals (RGs) for chemicals of interests (COIs) measured 

in soil at the South Works Site. The purpose of developing RGs was to direct remedial efforts 

such that there would not be a significant health risk to future site users after the site is 

redcA'eloped. RGs were developed for residential, recreational, industrial/commercial and 

consiruction land use scenarios, and two levels of exposure, a Maximum Exposed Individual 

(MEI) and a Most Likely Exposed Individual (MLEI) were evaluated. RGs were calculated for 

an acceptable cancer risk range of 10"* to 10* and an acceptable hazard index of one. A 

com])arison of RGs to each sampling location yields the following conclusions: 

• The RGs calculated for the industrial/commercial land use scenario at both the 
lO"* and 10"* risk levels and/or a hazard index of one were all higher than the 
measured levels of COIs in site soil. Therefore, remediation of soils for future 
industrial/commercial land use is not deemed necessary, 

• The RG calculated for cadmium at the 10"* risk level for the MEI construction 
scenario (53 mg/kg) was exceeded at one sampling location (SB-39-2, 89.1 
mg/kg). All other construction scenario RGs were higher than their measured 
levels in site soils. This single exceedence of the cadmium RG is driven by the 
inhalation of particles during future construction activities. Because the total 
mass of soil particulates in the air would be from a large part of the site during 
construction activities, rather than a single location, remediation of this single 
sampling location is not deemed necessary. 

• As shown in the above table, at a 10"* risk level, 23 of 24 surface soil samples 
had concentrations of beryllium above the residential MEI RG of 1.1 mg/kg, and 
2 had concentrations of beryllium above the residential MLEI RG of 6.2 mg/kg. 
The 10"* RG calculated for beryllium for the MEI recreational scenario of 3.7 
mg/kg was exceeded by concentrations of beryllium at 8 sampling locations. 
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• The RG for beryllium for the residential MEI and MLEI and recreational MEI 
scenarios at the 10"* risk level are within the range of naturally occurring 
background concentrations. Therefore, these RGs are not meaningful because 
remediation below namrally occurring background concentrations is neither 
feasible nor reasonable. Further, because no animal or human study in the 
sciendfic literature has ever demonstrated an increased incidence of cancer 
following oral exposure to beryllium, the evaluation of beryllium as an oral 
carcinogen is highly questionable. 

• Concentrations of the COIs, including beryllium, did not exceed the RGs for any 
scenario at the 10"* risk level. 

• The residential MEI RG for lead of 932 mg/kg (child scenario), calculated using 
O'Flaherty PBPK model, was exceeded by the concentrations of lead at three 
sampling locations. This RG is consistent with the USEPA recommended range 
of cleanup levels for lead at Superfund sites of 500 to 1,000 mg/kg. Because 
future residential children could be exposed to these areas, these lead levels 
should be addressed prior to residential development. 

• The MEI short- and long-term construction worker RGs were exceeded by the 
maximum concentration of lead (3,200 mg/kg) measured at one sampling location 
(SS-9-01). This area also exceeds the MEI residential RG and should be 
addressed prior to site redevelopment. 

• The total additive theoretical cancer risk associated with multiple chemical 
exposures does not exceed the USEPA acceptable risk range of 10^ to 10"* for 
Superfund sites (USEPA, 1990). Additionally, the acceptable hazard index 
associated with multiple chemical exposures does not exceed one except in the 
three locations where lead exceeds 932 mg/kg. With the exception of beryllium, 
the total cancer risk marginally exceeds the 10"* risk level at one location (SB-37-
1) v,'\\eTe benzo(a)pyrene and dibenz(a,h)anthracene both occur at their maximum 
concentrations. At this location, the total cancer risk does not exceed the 10"* risk 
level. 

Bast^ on the blood-lead modeling analysis, it may be necessary to remediate; lead in three areas 

identified in this HRA, should these areas be developed for residential use in the future. One 

area, with the maximum concentration of lead in soil, should be addressed prior to site 

rfxlcivelopment to protect future construction workers. In addition, it should be noted that 

analytical data from confirmatory sampling in areas currentiy undergoing demolition, 

remediation (sewers) and/or sediment removal will be compared to the RGs calcuated in this 

HR\. 

L:\uss\swoiucs«A\THXT« 6 - 2 C H E M R I S K ' - A DIVISION OF M C L A R E N / H A R T 

file://L:/uss


USX South Works August 25, 1995 

At a 10'* risk level, it should not be necessary to remediate soils at tiie Soutii Works site for 

beryillium (or any otiier COI) in tiie areas evaluated in tiiis HRA. At all but one sampling 

location, tiie 10^ RG for beryllium for tiie residential MEI scenario (le., the "maximally 

exposed individual") was exceeded. This is due to a combination of the highly conservative 

nature of die residential MEI scenario evaluated in tiiis HRA and the highly conservative USEPA 

oral i::ancer slope factor for beryllium. For example, for the MEI scenario, tiiis assessment used 

tiie USEPA default soil ingestion rates of 200 mg/day for a child and 50 mg/day for an adult. 

If, for example, more realistic soil ingestion rates presented in recent scientific literature of 25 

mg/day and 10 mg/day were used for children and adults, respectively, an RG for the MEI 

residential scenario would be 10 mg/kg at a 10"* risk level. The concenti^tions of beryllium in 

site :5oil (maximum concentration = 9.8 mg/kg) do not exceed tiiis RG. ITiese soil ingestion 

rates have been used to describe the MEI scenario in anotiier lEPA-approved HRA (ChemRisk, 

1989). 

Finally, it is notewortiiy that only the RGs protective of a 1 x 10"* increased risk level for 

" *' beryllium are exceeded by site concentrations. These beryllium RGs for a 10"* risk level should 

not be used to guide remedial efforts because: 1) tiiey are within tiie range of namrally occurring 

bacliground levels of beryllium in soil, 2) beryllium has never been shown to cause cancer in 

animals or humans following oral exposure, 3) tiie bioavailability of metals in slag material on 

tiie site is very low, and 4) the RGs were calculated using very consei-vative assumptions 

regarding the level, frequency and duration of exposure. For these reasons, tiie RGs for 

beryllium protective of a 1 x 10"* increased cancer risk level, which were not exceeded by 

concentrations of beryllium in site soil, should be protective of human health. 
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«DIV/0! 

•DIV/OI 

WDIV/OI 

KDIV/OI 

»D1V/0I 

2 .52E-06 

2 4 0 E - 0 6 

2 . 4 5 E . 0 6 

2 35E-06 

Adult Dermal 

1 70 

8760 

25550 

24 

350 

lOOE-06 

50 

2 8 3 6 

1 

062 

20 

Dilution^ 

Anenuation Factor 

I.OOE*00 

100E*00 

IOOE+00 

1 OOE+00 

8 96E-02 

6 98E-02 

I04E-O2 

1 24E-OI 

9 62E-02 

9 62E-02 

3.0IE-0 

2 77E-02 

4 81E-02 

SoilHBCL 

mg*g 

455E+01 

2.46E+03 

114E*0 

751E+04 

«D1V/0I 

KDIV/OI 

»DIV/OI 

•DIV/OI 

»DIV/0! 

7 . 0 5 E t 0 3 

3 .97E+06 

I 6 8 E + 0 6 

1 7 7 E + 0 7 

Child 

I L-Ji- '-tiw. 

15 

2190 

25550 

6 

350 

I 0 0 E . O 6 

200 

2195 

1 

062 

14.2 

. _._ 

Oral 

Bioani labibty 

lOO.OO*/. 

25.57«^ 

10000*4 

23 4 7 % 

50 0 0 % 

50 0 0 % 

50 0 0 % 

50 0 0 % 

5 0 0 0 % 

100 0 0 % 

100.00*/ 

loo.ooy 
100.00% 

A d u h 

tnliMlMtion 

70 

8760 

25550 

24 

350 

l.OOE-06 

50 

2S36 

1 

062 

20 

Dermal ABS 

10000*/. 

00034?. 

10000% 

0004 9«,. 

10 0000% 

lOOOOO*/, 

10 OOOO',. 

10 0000'.. 

{900001. 

30000% 

3000OT 

3.0000V 

30000V 

kg 
days 

days 

years 

days/yr 

kg'mg 

mg/day 

cm2 

nig/cm2 

unideu 

m3/day 

OralRTO 

mg/kg-day 

4.00E-O4 

500E-a3 

I0OE.O3 

I 40E-01 

000171 

0 

0 2 

2 

, 

Inhalation RID 

mg*g-day 

4.00E-O4 

5.00E-03 

IOOE-03 

I.43E-05 

0.0017 

0286 

0.114 

2 

1 

- -

OialSF 

(nigtg-day>.| 

430EH)O 

730E-O 

7.30E+00 

730E-01 

7 30E*00 

7J0E-0I 

290E-02 

Inhalation SF 

(mgrt[g-day)-l 

OOOE+00 

OOOE+OO 

OOOEtOO 

OOOE+00 

O00E«00 

OOOEtOO 

2.90E-02 

VF 

(m3/kg) 

360E+05 

3.79E+0 

3.70E+O 

3 86E40 
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(PRGS.XLWf, MEI.XLS 

PRGs for Noncarcinugenic Effects - Adult 

Soli 

r^irmiral 

Antimony 

Beryttim 

Cadniiini 

Manganese 

Benza(a)anlhnccne 

Benzo(a)pyrene 

Bm2o(b)fhioTanthene 

Dibenzo(ah)aiithr8ccn« 

lndeno(123cd)pyrene 

Benzene 

Ethylbenzene 

Toluene 

Xylene 

I'RGs for Carcinogenic EfTacIs 

Chemical 

Antimony 

Berylhum 

Cadmium 

Manganese 

Bcnzo(a)anthrac«ne 

Benzo(a)pyrene 

Benzo(b)fluoranthene 

Dibenzo(ah)*nthracene 

lndeno(123cd)pyrene 

Benzene 

Eth>1benzene 

Tohiene 

Xylene 

Ingestion XF 

kg/kg-day 

4 24658E-07 

: UKJBJt 07 

424658E-07 

9 9667IE-0* 

2I2J29E-07 

2 12329E-07 

2.I2329E-07 

2.I2329E-07 

2 12329E-07 

0 

0 

" o 
0 

S ^ " 

ingestion XF 

k»*g-day 

825049E-07 

2 10965E-07 

825049E-07 

193639E-07 

4 I2524E-07 

4.I2524E-07 

4 I2524E-07 

4.I2524E-07 

4.12524E-07 

0 

0 

0 

0 

Detma! 

Contact XF 

kg*g.d.y 

2.40866E-07 

BiB*44E-iO 

2 40S66E.07 

1 18024E-09 

2 12329E.07 

2I2329E-07 

2 I2329E-07 

2i2329E-07 

2 i2329E^7 

0 

0 

0 

0 

Dennal 

Contact XF 

kgflig^Jay 

I57I52E-07 

534318E-10 

I.57152E-07 

77O047E-I0 

4.I2324E-Of 

4.I2S24E-07 

4.12S24E-07 

4.12524E-07 

4.12524E-07 

0 

0 

0 

0 

Vapor 

Inhalation XF 

kgltg-day 

•DIV/OI 

nDivm 
•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•Div/oi 
•DIV/OI 

761E-07 

7 23E-07 

740E-O7 

'^^.ioE-07 

Vapor 

Inhalation XF 

l*Vg-day 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/OI 

•DIV/0( 

•DIV/OI 

•DIV/O! 

4 77E-07 

4 53E-07 

4.64E-07 

445E-07 

SoiIHBCL 

mg*g 

601E4O2 

4 57EI04 

150E*O3 

I39E+06 

•DIV/OI 

»Div/6J 
•DIV/OI 

•DIV/OI 

•DIV/OI 

2 34E+04 

132E+07 

557Et06 

5 86EH)7 

SoJHBCL 

mg'ltg 
•DIV/OI 

1 lOE+OO 

•DIV/OI 

•DIV/OI 

1 85E+01 

2 38E+O0 

2 07E+0I 

134E+00 

173E+01 

r52E+02 

•DIV/OI 

•DIV/OI 

•DIV/O! 

. . __ 

r • 

-

-. ^ __ 

-

- - - -

_ 

-

-

... — 

I-
I 

— 

— 

1 
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IpKCi Ca;. uiation liii liS ;>tccl - South 

1 Date: 

1 r » , J , . i i f . : . . | ,* . 
1 UWUJ . . - . f t . . . . 
j Avenging Time (non): 

j .V.-snging Time (car): 

1 Expoiiire Duration: 

1 Exposure Frequency: 

1 Convcnion Fictor: 

1 Soil Ingestion Rale: 

1 Skin 3uir>cc Arc*: 

1 Adheiencc Factor: 

1 Meteorological Factor: 

1 Inhalation Rate: 

Ichemical-speciric parameters 

1 Chemical 

1 Antimony 

|Beryllium 

1 Cadmium 

[Manganese 

lBcnzo(a)anthracen« 

|Bcnzo(a)pyTenc 

1 Benzo(b)fluoranthene 

1 Dil>enzo(ah)anthncene 

|bideno( 123cd)pyrene 

1Benzene 

lEthylbcnzene 

Toluene 

Xylene 

Works 

, ' 7/6/95 

Child Soil 

Illgcstioo 

!? 

2190 

25550 

6 

1 350 

I .OOE-06 

50 

2195 

0.2 

0.52 

U.2 

- -

target 

Hazard Index 

— 

PRGs Noncarcinogenic Effects - Child 

Chemical 

JAnlimnny 

JBeryllium 

jCadmium 

{Manganese 

|Benzo(a)anlhracenc 

|Benzo(a)pyrcne 

1 Benzo(b)fluoranthenc 

I Dibcnzo(ah)anthracene 

1 Indeno( 123cd)pyTene 

Benjene 1 

Soil 

Ingestion XF 

kgtg-day 

1.662IE4)6 

424999E-07 

1.662IE-06 

3.90095E-07 

8.3105E-O7 

8.3105E-07 

8.3105E-07 

8.3105E-07 

8.3105E-07 

o| 

Scenario: 

Adult Soil 

Ingestion 
70 

1205 

25550 

3.3 

350 

i.OOE-66 

10 

2836 

0.2 

0.52 

20 

Target 

Risk 

l.OOE-06 

l.OOE-06 

l.OOE-06 

I.OOE-06 

I.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

Dcimal 

ConUct XF 

kg/kg-day 

8.75595E-07 

2.97702E-09| 

8.75593E-07 

4.29041E-09 

8.3105E-O7 

8.3105E-07 

8.3105E-07 

8.3105E-fl7| 

8.3105E-07 

o| 

Kesidentiai - Ml.ni 

Child Dermal 

ConUct 

15 

2190 

25550 

6 

350 

l.OOE-06 

50 

2195 

0.2 

0.52 

14.2 

Soil 

Half-Life 

(yean) 

1.863 

1.452 

1.671 

2.575 

2.000 

2.000 

0.625 

0.575 

1.000 

Vapor 

Inhalation XF 

kgltg-day 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

2.52E-06 

IPRGS.XLWjF: MLEI.XLS 

Adult Dermal 

Contact 

1 70 
1205 

25550 

3.3 

350 

l.OOE-06 

10 

2836 

0.2 

0.52 

20 

Surface 

Dilution/ 

Attenuation Factor 

l.OOE+00 

l.OOE+00 

l.OOE+00 

l.OOE-fOO 

8.96E-02 

698E-02 

8.04E-02 

I.24E-0 

962E-02 

9.62E-02 

3.01E-02 

2.77E-02 

4.81E-02 

Soil HBCL 

mg/kg 

I.58E+02 

1.I7E+04 

3.94E+02 

3.55E+05 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

7.05E+03| 

Child 

Inhalation 

13 

2190 

23550 

6 

350 

l.OOE-06 

200 

2195 

i 
0.32 

14.2 

Oral 

Bioavailability 

100.00% 

23.57% 

100.00% 

23.47% 

50.00% 

50.0014 

50.00% 

50.00% 

50.00% 

100.00% 

100.00% 

100.00% 

100.00% 

- -

Adult 

Inhalation 

70 

8760 

25550 

3.3 

350 

l.OOE-06 

50 

2836 

1 

0.52 

20 

Dermal ABS 

1.0000% 

0.0034% 

I.OOOO*,. 

00049% 

10.0000% 

lO.OOOO*,. 

100000*,. 
lO.OOOO*,. 

10.0000% 

3.0000% 

3.0000% 

3.0000% 

3.0000% 

— 

kg 
dayi 

dayi 

yean 

dayt/yr 

kg/mg 

mg/day 

mg/cm2 

unitleaa 

m3/day 

Oral RID 

mg/kg-day 

4.00E-04 

5.00E-03 

l.OOE-03 

I.40E-01 

0.0017 

0. 

0.2 

2 

Inhalation RiD 

mg/kg-day 

4.00E-04 

3.00E-03 

I.OOE-03 

I.43E-05 

0.00171 

0.286 

0.114 

2 

-

OralSF 

(mg/kg-day)-1 

4.30E+00 

7.30E-0I 

7.30E*00 

7.30E-0 

7.30E+00 

7.30E-0 

2.90E-02 

z 

! • — -

Inhalation SF 

(mg/kg-day)-l 

8.40E+00 

6.10E-01 

6.I0E+O0 

6I0E-O 

6.10E+00 

6.10E-0 

2.90E-02 

— 

VF 

(m3/kg) 

3.60E+05 

3.79E+05 

3.70E+05 

3.86E+05 
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I 

!F:hy!bcr.7cnc 

Toluene 

1 Vvlenc 

n 
0 

0 

IPRG-J for N;;.".circi.iogenic Effects - Adult 

1 Chemical 
1 

[Antimony 

iBeryllium 

ICadmium 

Nlanganeie 

|Benzo(a)anlhracene 

|Benzo(a)pyrenc 

|Benzo(b)fluoranthcne 

|Dibenzo(ah)anthncene 

lndeno(123cd)pyrene 

[Benzene 

[Ethylbenzene 

[Toluene 

Xylene 

jPRGs for Carcinogenic EffecU 

[ Chemical 

[Antimony 

[Beryllium 

jCadmium 

JManganese 

|Benzo(a)anthraccne 

|Benzo(a)pyrene 

1 Bcnzo(b)fluoranthene 

|Dibenzo(ah)anthFacene 

1 Indeno( 123cd)pyrene 

{Benzene 

1 Ethylbenzene 

Toluene 

Xylene 

Soil 

Ingestion XF 

kgflcg-day 

7.i2033E-O8 

1.82067E-0J 

7.12033E-O8 

1.67114E-08 

3.560I7E-08 

3.56017E-O8 

3.56017E-O8 

3.56di7E-08 

3.56017E-O8 

0 

0 

0 
0 

Soil 

Ingestion XF 

kg\g-day 

I.45824E-07 

3.72872E-08 

I.45824E-07 

3.42249E-08 

7.29119E-08 

7.29119E-0g 

7.29119E-08 

7.29119E-08 

7.29119E-08 

0 
0 
0 
0 

0 

0 

0 

Dermal 

ConUct XF 

kg/kg-day 

l^ l .33276E-07 

4.53137E-10 

I.33276E-07 

6.5305E-I0 

I.33276E-06 

I.33276E-06 

1.33276E-06 

I.33276E-06 

1.33276E-06 

0 

0 

0 
0 

Dennal 

ConUct XF 

kglcg-day 

I.44132E-08 

4 90649E-li 

I.44I32E-08 

7.06248E-I1 

7.29119E-08 

7.29119E-08 

7.29119E-08 

7.29119E-08 

7.29119E-08 

0 
0 
0 
0 

2.40E-06 

2.45t-06 

235E-06 

Vapor 

Inhalation XF 

kglcg-day 

#UlV/0! 

j #DIV/0I 

#DIV/0! 

#DIV/OI 

#DIV/OI 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/OI 

I.05E-O7 

9.94E-08 

I.02E-07 

9.76E-08 

Vapor 

Inhalation XF 

kg/kg-day 

#DIV/0! 

#DrV/0! 

#DIV/0! 

#Drv/oi 
*DIV/OI 

#DIV/0! 

#DIV/0! 

#DrV/0! 

#DIV/0! 

2.32E-07 

2.39E-07 

2.45E-07 

2.35E-07 

I P R G S . X L W l i MLEI.XLS 
3.97E+06 

1.68E+06 

1.77E+07 

Soil HBCL 

mg/kg 

i . 9 6 E ^ 3 

2.68E+05 

4.g9E+03 

806E+O6 

*DrV/0! 

#DrV/0! 

^#brv/oi 
#DIV/0! 

«DIV/0! 

i.70E+O5 

9.57E+07 

4.03E+O7 

4.26E+08 

Soil HBCL 

mglcg 

#DrV'0! 

" 6.23E»00 

#DrV/0! 

#DIV/0! 

1.05E+O2 

1.35E+01 

1.17E+02 

7.59E+00 

9.77E+0 

1.42E+03 

«DIV/0! 

#DIV/0! 

#DIV/0l 

. . 

—-

— -

- • -

-

-

. 

._1 .... 

- — 

—- ' 

- - -

' 

- -

- - \ 
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[PRGS.XLW],-. MEL XLS 

JFKG Cakulation for US Steel - South 
1 n . i f 

1 Body Wei^ t : 

1 Averaging Time (non): 

1 Averaging Time (car): 

1 Exposure Duration: 

1 Exposure Frequency: 

1 Convenion Factor: 

1 Soil Ingestion Rate: 

1 Skin Surface Area: 

1 Adherence Factor: 

1 Meteorological Factor: 

1 Inhalation Rate: 

IChcmical-specific parameters 

Chemical 

lAnlimony 

(Beryllium 

JCadmium 

[Manganese 

[Benzo(a)anthracen« 

[Benzo(a)pyrenc 

[Bcnzo(b)fluoranthene 

[Dibenzo(ah)anthracenc 

|bideno( 123cd )pyrene 

1 Benzene 

[Ethylbenzene 

[Toluene 

Xylene 

Work. 
r "" 7/6/'95 

Child Soil 

Ingestion 

2190 

25550 

I 104 

lOOE-06 

1 200 
2195 

1 

r 0.62 

14.2 

Target 

1 Hazard Index 

1 1 

PRGs Noncarcinogenic Effects - Child 

Chemical 

[Antimony 

[Beryllium 

[Cadmium 

[Manganese 

[Benzo(a)anthracene 

[Benzo(a)pyTene 

Benzo(b)fluoranlhene 

Dibenzo(ah)anthncene 

Soil 

Ingestion XF 

kg*g-day 

2.35543E-06 

^6 .02284E-07 

2.35543E-06 

5.5282E-07 

1.I7772E-06 

l.i7772E-06 

1.17772E-06 

Scenario; 

Adult Soil 

Ingestion 

70 

8760 

25550 

24 

104 

l.OOE-06 

50 

2836 

1 

0.62 

20 

Target 

Risk 

l.OOE-06 

I.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

IOOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

Dennal 

ConUct XF 

kg*g-day 

2.58509E-O7[ 

8.7893E-10 

2.58509E-07 

1.26659E-09 

1.17772E-06 

I.17772E-06 

I.17772E-06| 

1.17772E-06I 1.17772E-06[ 

Recreational - MEI 

Child Dermal 

ConUct 

15 

2190 

25550 

6 

104 

l.OOE-06 

200 

2195 

1 

062 

14.2 

Soil 

Half-Life 

(years) 

1.863 

1.452 

1.67 

2.575 

2.000 

2.000 

0.625 

0.575 

1.000 

Vapor 

Inhalation XF 

kg/kg-day 

#DIV/0! 

#DfV/0! 

#DIV/0! 

#DIV/0! 

#DlV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

Adult Dennal 

ConUct 

70 

8760 

25350 

24 

104 

l.OOE-06 

50 

2836 

1 

0.62 

20 

Dilution/ 

Attenuation Factor 

iooE+oo 
l.OOE+00 

l.OOE+00 

l.OOE+OO 

8.96E-02 

698E-02 

8.04E-O2 

1.24E-01 

9.62E-02 

9.62E-02 

3.0IE-O2 

2.77E-02 

4.81E-02 

Soil HBCL 

mg/kg 

1.3JE+02 

8.29E+03 

3.83E+02 

2.53E+05 

#DIV/0! 

*DIV/0! 

#DIV/OI 

#DIV/0! 

Child 

Inhalation 

1) 

2190 

25550 

6 

104 

l.OOE-06 

200 

2195 

1 

0.62 

14.2 

Oral 

Bioavailability 

100.00% 

25.57% 

100.00% 

23.47% 

50.00% 

50.00'!. 

50.00% 

50.00% 

50.00% 

100.00°.. 

100.00% 

100.00°/. 

100.00"!. 

Adult 

Inhalation 

/u 

8760 

25530 

24 

' ' 104 

l.OOE-06 

50 

2836 

1 

0.62 

20 

Deimal ABS 

1.0000% 

0.0034% 

1.0000°/. 

0.0049°/. 

10 0000% 

10.0000'!. 

10.0000% 

10.0000°/. 

10.0000°/. 

3.0000% 

3.0000°/. 

3.0000% 

3.0000% 

-

r* 
dayi 

dayt 

years 

dayi/yr 

kg/mg 

mg/day 

Cfn2 

mg/cm2 

unitleu 

fn3/day 

OralRS 
mg/kg-day 

4.00E-O4 

5.00E-O3 

l.OOE-03 

I.40E-01 

0.00171 

0.1 

0.2 

2 

1 

1 

Inhalation RfD 

mg/kg-day 

4.00E-04 

5.00E-03 

l.OOE-03 

I.43E-05 

0.00171 

0.286 

0.114 

2 

! 

OralSF 

(mg/kg-day)-1 

4.30E+00 

7.30E-O1 

7.30E+00 

7.30E-O 

7.30E+00 

7.30E-0 

2.90E-02 

Inhalation SF 

(mg/kg-day)-1 

8.40E*00 

6 10E-0 

6 lOE'OO 

6.10E-0 

6.10E+00 

6.10E-0 

2.90E-02 

' 

VF 

(m3/kg) 

" 

3.60E+0 

3 79E+0 

3 70E+0 

3 86E+0 

n 
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IPRGS.XLWlt MELXLS 

|lndeno(123cd)pyrene | 1.177721i-06 

1 Benzene j 0 

|EihyipcTizciic j 0 

•Toluene 

[xylene 
I 
1 0 

1 1 
|PRGs for Noncarcinogenic EffecU - Adult 

1 Chemical 

lAnlimony 

[Beryllium 

[Cadmium 

[Manganese 

[Benzo(a)anthracene 

[Benzo(a)pyrBne 

|Benzo(b)fluoranthefie 

|Dibenzo(ah)anthracene 

[lndeno( 123cd)pyrene 

[Benzene 

[Ethylbenzene 

[Toluene 

Xylene 

jPRGs for Carcinogenic EffecU 

[ Chemical 

[Antimony 

[Beryllium 

[Cadmium 

[Nbnganese 

[ Benzo(a)anlhracenc 

[Befizo(a)pyrcne 

1 Benzo(b)fluoranthene 

|Dibenzo(ah)anthracenc 

[lndeno( 123cd)pyrene 

[Benzene 
[Ethylbenzene 

|lolueite 

Xylene 

Soil 

hgestionXF 

kg/kg-day 

I.26184E-07 

3.226S2E-Og 

1.26184E-07 

I 2.96154E-Og 

6.3092E-O8 

6.3092E-08 

6.3692E-O8 

6.3092E-Og 

6.3092E-08 

0 

0 

0 

0 

Soil 
Ingestion XF 

kglcg-day 

2.45157E-07 

6.26867E-08 

2.45I57E-07 

5.75384E-08 

I.22579E-07 

1.22579E-07 

1.22579E-07 

I.22579E-07 

1.22579E-07 

0 

0 

0 

l.l/772i;-<)6[ ODIV/O! 

Oj 7.49E-07 

Hi # 1 > F - * l / 

0 

0 

Dcimai 

ConUct XF 

kg/kg-day 

7.157I5E-08 

2.43343E-10 

7.157I5E-08 

3.S07O1E-I0 

6.3092E-08 

6.3092E-0g 

6.3092E-O8 

6.3092E-08 

63092E-08 

0 

0 

0 

0 

Dennal 

ConUct XF 

kglcg-day 

4.66967E-08 

1.58769E-10 

4.66967E-0g 

2.28814E-I0 

1.22579E-07 

I.22579E-07 

I.22579E-07 

1.22579E-07 

I.22579E-07 

0 

0 

°l 

7.29E-07 

6.99E-07 

Vapor 

Inhalation 3 ^ 

kg1tg-<lay 

*Drv/oi 
#DIV/0I 

#DIV/0! 

#biv/0! 
#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/OI 

2.26E-07 

2.15E-07 

2.20E-07 

2.i iE-07 

Vapor 

Inhalation XF 

kg/kg-day 

#DIV/0! 

#DIV/0! 

#DIV/OI 

#DIV/0! 

#DIV/0l 

#Drv/oi 
#DIV/0! 

#DrV/0! 

#DIV/0! 

1.42E-07 

I.35E-07 

S.38E-07 

0 | 0( I.32E-07I 

/IDIV'O! 

2.37E+04 

y66E+06 

5.95E+07 

Soil HBCL 

mglcg 

2.02E+O3 

I.54E+05 

5.66E+03 

4.67E+06 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DrV/0! 

#biv/oi 
7.86E+04 

4.43E+07 

I.87E+07 

I.97E+08 

Soil HBCL 

mg/kg 

#DIV/0! 

3.70E+00 

*/DIV/0! 

#DIV/0! 

6.24E+01 

8.00E+00 

6.95E+01 

4.51E+00 

5.81E+01 

2.53E+03 

#DIV/0! 

#Dr.'/0! 

-- - - --- - - ' 

#Drv/o! 1 1 

— ._ _.— 

1 1 

i i 

-

— 

1 
I I I ! 

- - - • 

1 1 
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I P R G Calculation for VIS Steel - South 

1 Dale: 

1 Body Weight: 

1 Averaging Time (non): 

1 Averaging Time (car): 

1 Exposure Duration: 

1 Exposure Frequency: 

1 Conversion Factor: 

1 Soil Ingestion Rate: 

1 Skin Surface Area: 

1 Adherence Factor: 

1 Meteorological Factor. 

1 Inhalation Rate: 

(chemical-specific parameten 

1 Chemical 

[Antimony 

[Beryllium 

[Cadmium 

[Nbnganese 

[Benzo(a)anthracene 

[Benzo(a)pyrcne 

[Befizo(b)fluoranthene 

[ Dibenzo(ah)anthraccne 

1 Indcno( 123 cd)pyrene 

[Benzene 

[Ethylbenzene 

[Toluene 

Xylene 

Works 

7/6.95 

Child Soil 

Ingestion 

15 

2190 

25550 

6 

104 

i.OOE-06 

50 

' 2193 

0.2 

0.32 

14.2 

target 

Hazard Index 

PRGs Noncarcinogenic EffecU - Child 

[ Chemical 

[Antimony 

[Beryllium 

[Cadmium 

[Manganese 

|Bcnzo(a)anthracene 

[Benzo(a)pyrenc j 

[Benzo(b)fluoranthene [ 

|Dibenzo(ah)anthncefie [ 

Soil 

Ingestion XF 

kgAg-day 

4.9388 lE-07 

1.26285E-07 

4.93g81E-07 

1.15914E-07 

2.46941E-07 

2.4694IE-07 

2.4694 IE-07 

2.4694 IE-07I 

i i 
Scenario; [Recreational - MLEI | 

1 i 
1 1 

Adult Soil 

Ingestion 

To 
1205 

25530 

3.3 

104 

l.OOE-06 

10 

2836 

0.2 

0.32 

20 

Target 

Risk 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

l.OOE-06 

Dermal 

ConUct XF 

kg/kg-day 

4.33628E-0g 

1.47433E-10 

4.33628E-08 

2.12478E-10 

2.4694 lE-07 

2.4694IE-07 

246941E-07 

2.4694 lE-07 

Child Dermal 

ConUct 

15 

2190 

23350 

6 

104 

l.OOE-06 

50 

2195 

0.2 

0.52 

14.2 

Soil 

Half-Life 

(yean) 

1.863 

1452 

1.671 

2.575 

2.000 

2.000 

0.625 

0.575 

1.000 

Vapor 

Inhalation XF 

kg/kg-day 

»Drv/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

*DIV/OI 

#DIV/0! 

#DIV/0! 

#DrV/0! 

Adult Dennal 

ConUct 

/U 

1205 

25550 
_ 3.3 

104 

l.OOE-06 

10 

2836 

0.2 

0.52 

20 

Dilution/ 

Attenuation Factor 

l.OOE+OO 

l.OOE+00 

l.OOE+00 

l.OOE+00 

8.96E-02 

6.98E-02 

8.04E-02 

1.24E-0 

9.62E-02 

9.62E-02 

3.01E-02 

2.77E-02 

4.81E-02 

Soil HBCL 

mg/kg 

7.45E+02 

3.95E+04 

1.86E+03 

I.21E+06 

#DIV/0l 

#DIV/OI 

#DIV/OI 

#DrV/0! 1 

- - -

Child 

Inhalation 

13 

2190 

23350 

6 

104 

I.OOE-06 

200 

2195 

' i 
0.52 

14.2 

Oral 

Bioavailability 

100.00% 

25.57% 

100.00°/i 

23.47% 

50.00% 

50.00°/. 

50.00% 

50.00% 

50.00°,. 

100.00'!. 

100.00% 

100.00°/. 

100.00°/. 

Adult 

Inhalation 

70 

S760 

2 J. ' .".» 

3.3 

104 

l.OOE-06 

50 

2836 

1 

0.52 

20 

Dermal ABS 

1.0000% 

00034°,4 

1.0000% 

0.0049°/4 

100000°/4 

10.0000°/. 

10.0000°/. 

10.0000°/. 

10.0000°/. 

3.0000'!. 

3.0000% 

3.0000% 

3.0000% 

- — 

Kg 

days 

Jays 

years 

d»Wyr 
kg/mg 

Img/day 

|cm2 

mg/cfii2 

unitlea 

in3/day 

Oral RfD 

mg/kg-day 

4.00E-04 

500E-O3 

lOOE-03 

1.40E-01 

0.0017 

0. 

0.2 

2 

i 
1 

1 ! 1 1 i 

! ._ 

Inhalation RiD 

mg/kg-day 

4.00E-04 

5.O0E-O3 

l.OOE-03 

1.43E-05 

0.00171 

0.286 

0.114 

2 

OralSF 

(mg/kg-day)-1 

4.30E+00 

7.30E-O1 

7.30E+00 

7.30E-0I 

7.30E+O0 

7.30E-OI 

2.90E-02 

Inhalation SF 

(mg/kg-day)-1 

8.40E<00 

6.10E-0 

6.10E+00 

6.10E-0 

6. lOE+00 

6.I0E-0 

2.90E-02 

VF 

(m3/kg) 

3 60E+05 

3.79E+05 

3 70E+0 

3.g6E+0 
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|lndeno(123cd)pyrcne 

[Benzene 

2.46y41E-07 

0 

2.4694 lE-07 

0 

jCu.ylbcriZcr.c \ <>[ u 

[Toluene 

[.Xylene 

0 

0 

[pRGs for Noncarcinogemc hffecU - Adult 

1 Chemical 

[Antimony 

IBerylliian 

[Cadmium 

[Nbnganese 

|Benzo(a)anthncene 

|Benzo(a)pytene 

[Benzo(b)fluoranthene 

[bibcnzo(ah)anthracenc 

|lndeno(I23cd)pyrene 

[Benzene 

Ethylbenzene 

Toluene 

Xylene 

PRGs for Carcinogenic EffecU 

1 [ Chemical 

[Antimony 

[Beryllium 

[Cadmium 

[Manganese 

[Benzo(a)anthracene 

[Benzo(a)pyrcne 

[ Benzo(b)nuoranthcne 

|Dibcnzo(ah)anlhnccnc 

[lndena(123cd)pyrcne 

Benzene 

[Ethylbenzene 

|ioiuene 

Xylene 

Soil 

Ingestion XF 

kgltg-day 

2.11576E-08 

5.40999E-O9 

2.11576E-08 

496568E-09 

I.0S788E-08 

I.05788E-08 

1.05788E-08 

1.05788E-08 

1.05788E-O8 

0 

0 

0 

0 

Soil 

Ingestion XF 

kg1cg-<Iay 

4.33305E-08 

I.I0796E-08 

4.33305E-08 

1.01697E-08 

2.16653E-08 

2.16653E-08 

2.I6633E-08 

2.16653E-08 

2.16653E-08 

0 

0 

0 

0 

0 

0 

Dennal 

ConUct XF 

kg1cg-<lay 

1.20006E-O8 

4.08019E-1I 

1.2U006E-O8 

5.88028E-11 

I.05788E-08 

l.0578gE-O8 

1.05788E-08 

1.05788E-0( 

1.05788E-08 

0 

0 

0 

0 

Dennal 

ConUct XF 

kg/kg-day 

4.28279E-09 

I.45615E-II 

4.28279E-09 

2.09856E-11 

2.16653E-0( 

2.16653E-08 

2.16653E-08 

2.I6653E-08 

2.16653E-08 

0 

0 

0 

0 

«r)rv/o! 
7.49E.07 

7.29E-07 

6.99E-07 

Vapor 

Inhalation XF 

kg/kg-day 

*DIV/0! 

#Drv/oi 
l»DtV/0! 

#DIV/0! 
#DIV/OI 

*DrV/0! 

#DIV/0! 

UDWm 

#DIV/0! 

3.11E-08 

2.95E-08 

3.03E-O8 

2.90E-08 

Vapor 

Inhalation XF 

kg/kg-day 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

#DIV/Ot 

#DrV/0! 

#DIV/0! 

#DIV/0! 

#DIV/0! 

7.49E-08 

7.1IE-08 

7.29E^8 

6.98E-08 

/rUlV.'Ol 

2.37E+04 

5.66E+06 

595E^07 

Soil HBCL 

mglcg 

1.21E+04 

9I7E+03 

3.02E+04 

2.79E+07 

#DrV/0! 

#DIV/OI 

#DIV/0! 

' *DIV/6! 

*biv/oi 
5.72E+05 

3.22E+Og 

I.36E+08 

1.43E+09 

Soil HBCL 

mg*g 

#DIV/0! 

2.10E+01 

#DIV/0! 

#DIV/0! 

3.53E+02 

4.53E+0I 

3.93E+02 

2.55E+01 

3.29E+1I2 

4.79E+03 

#DrV/0! 

«D!V./0! 

#DIV/0! 

._. _ _. 1 1 1 1 
i i i 

" :z 

— 

- • -

... .. 

1 

• 

— — 

--

--

— , 
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IrRO raIa:!:ition for US Steel - Sovilh WoHca 

[ [>•'-* { //o/yJiocciimiu. 

1 Body WcltjIiL 

1 Avcz^^xn^ T=r.e (non); 

[ Averaging Time (care): 

1 E x p o a m Duration: 

1 Expotiv* Dtnt ion: 

[ Exposure Frequency 

I Convenion Factor 

[ Soil bigeation Rata: 

1 Meteorological Factor 

Skm Sur&ce Area: 

[ Adherenoe Factor 

PMIO Cone for Site: 

1 Expoaure Time: 

Inhalation Rate: 

IChemical-speciJic parameten 

1 Chemical 

[Antimony 

JBeiyllium 

[Cadmium 

JNlanganese 

1 Befizo<a)anthracene 

[Benio(a)pyrene 

1 Bciuo(b)fluaranlhene 

[ Dibcnzo(ah)anthnoefie 

|lndeno(l 23cd)pyrene 

[Benzene 

Ethylbenzene 

[Toluene 

Xylene 

[ H B C U for Cateinogenic Elfecti 

1 Chemical 

[Antimony 

Beiyllium 

[Cadmium 

1 Manganese 

Benzo(a)anthracenc 

lBenzo(a)pyra>e 

Benzo(b)fluoranthene 

Dibenzo(ah)anthracene 

Adult Soil Ingeition Adult Dennal Contact 

7 j l i n 

91251 9125 

25550 

25 

25 

250 

IOOE-06 

50 

0 62 

Target 

Hazard Index 

- - J 

SoU 

Ingestion XF 

kg/l<g-day 

1.08E-07 

277E.08 

108E-O7 

2 54E-08 

542E-0g 

5.42E-08 

5.42E-08 

542E-08 

25550 

25 

25 

250 

l.OOE-06 

0.62 

2836 

1 

Tatgot 

Risk 

l.OOE-06 

IOOE-06 

1 OOE-06 

IOOE-06 

IOOE-06 

l.OOE-06 

I.OOE-06 

lOOE-06 

I.OOE-06 

1 OOE-06 

l.OOE-06 

1.00E.06 

l.OOE-06 

Dennal 

Contact XF 

kg/kg-day 

6 H E - 0 8 

2.09E-I0 

6.14E-08 

301E- I0 

5.42E-08 

5 42E-08 

5 42E-08 

5 42E-08 

- - ; , . - _ ._. 

Adult Inhalation 

70 

9125 

25550 

25 

25 

250 

1. OOE-06 

0 62 

8 

0 83 

SoU 

Half-Life 

(>»an) 

1 863 

1452 

1671 

2 575 

2 0 0 0 

2 0 0 0 

0 625 

0 5 7 5 

1 000 

Paniculate 

kgfltg-day 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 1 

... _ 

kg 

day. 

day. 

yean 

yean 

daya/year 

kg/m* 
mg/day 

cm2 

nig/cm2 

mg/lii3 

houn 

m3/hr 

DUution/ 

Attenuation Factor 

lOOE+OO 

l.OOE+OO 

1 OOE+OO 

I00E4O0 

108E-01 

838E-02 

964E-02 

I 48E.O 

1 lSE-0 

1 I5E-0 

3.61 E-02 

3.32E-02 

5.77E.02 

Vapor 

Inhalation XF 

tTt -^ 
W3IV/0I 

TOIV/01 

*DIV/0! 

#DIV/OI 

HDJVm 

mivm 
«DIV/OI 

#DIV/OI 1 

Oral 

BioavaUability 

100 00*/. 

2557y . 

100 00% 

23 AT/. 

50 00«/4 

50 00% 

50 00*/. 

50 00»/. 

50 00*/. 

lOOOOV. 

lOOOO*/. 

lOOOOV. 

I OOOO*/'. 

SoilHBCL 

«W/kg j 
#DIV/OI 

833E+O0 

*DIV/OI 

#DIV/OI 

1.18E+02 

1 51E+0 

I.3IE+02 

852E+Oo| 

— 

Dermal ABS 

lOOOO*,'. 

00034»/i 

lOOOOS 

0 00^9«,t 

10 0000»/4 

lOOOOO"/* 

100000% 

10 0000",* 

1000001. 

3 0000*/. 

3 0000*/. 

3 0000*/i 

30000*4 

Oral RID 

mg/kg-day 

400E-04 

500E^)3 

lOOE-03 

140E-0 

00017 

0 

0.2 

2 

— 

Inhalation RID 

mg/Vg-day 

400E-04 

5.00E-03 

lOOE-03 

1.43E-05 

00017 

0 2 8 6 

0 1 1 4 

2 

-

OralSF 

(mg/kg-day )-l 

4 30E+O0 

730E-0I 

730E+O0 

7.30E-01 

7.30E+O0 

730E-0 

290E-02 

1 [ 
1 i 

Inhalation SF 

(mg1cg-day)-l 

8 40E+00 

6 lOE-0 

610E+00 

610E-0 

6 10E+O0 

6 10E-0 

2 90E-02 

VF 

(m3/kg) 

3 02E+O5 

320E+O5 

3 11E+05 

3 27E+05 

I I 1 
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Indeno(l 23cd)pyrene 

Benzene 

Ethylbenzene 

Toluene 

Xylene 

5.42E-08 

OOOE+OO 

OOOE+00 

OOOE+OO 

OOOE+00 

HBCU for Noncarcinogenic Effects 

Chemical 

Antimony 

Beiyllium 

Cadmhmi 

Kbnganeae 

Benzo(a)anthracene 

Benzo<a)pyrene 

Benzo(b)fluaranthene 

Dibenzo(ah)«nthracene 

Indeno(I23cd)p)Tene 

Benzene 

Ethylbenzene 

Toluene 

Xylene 

SoU 

Ingestion XF 

kf/kt-d-y 
303E-07 

7 7 6 E ^ 

J.O3E-07 

7.I2E-Og 

I 52E-07 

1.52E-07 

1 52E-07 

I.52E-07 

I 52E-07 

OOOE+00 

OOOE+00 

OOOE+OO 

OOOE+00 

5.42E-08 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+OO 

Dcrnial 

Contact XF 

tg,\f<i*y 
172E-07 

585E- I0 

1.72E-07 

8 43E-I0 

I.52E-07 

1 52E-07 

1 52E-07 

1.52E-07 

1.52E-07 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOEtOO 

OOOE+OO 

OOOE+OO 

OOOE+00 

OOOE+OO 

Paniculate 

Inhalation XF 

kg^g-day 

OOOE+00 

OOOE+00 

OOOE+00 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+00 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+00 

WJIV/OI 

7.68E-Og 

725E-Og 

746E-Og 

710E-08 

V a p o r ^ 

Inhalation XF 

kgilg-day 

*DIV/OI 

*DIV/OI 

«DIV/DI 

KDIV/OI 

•DIV/OI 

«DIV/OI 

«DIV/OI 

«DIV/0! 

«DIV/0! 

2I5E-07 

203E-07 

209E-07 

I.99E-07 

1 IOE+02 

389E+03 

(TDIV/OI 

mivm 
W5IV/0I 

SoU HBCL 

mg/kg 

84 IE+02 

6.40E+O4 

2.IOEt03 

1 94E+06 

mOIV/Ol 

#DIV/OI 

KDIV/OI 

KDIV/OI 

*DIV/OI 

6«9E+04 

3 91E+07 

1 64E+07 

1 74E+08 

-
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1 Dale 

1 Body Weight: 

1 Averaging Time (non): 

1 Averagii^ Time (cere): 

1 Exposure Duration 

1 Expoaure Duration: 

1 Expoaure Frequency 

1 Convenion Factor 

1 SoU Ingestion Rale: 

1 K!i!e-!ro!ogi<r»l Fertnr 

[ Skin S u t ^ a Area 

1 Adherenoe Factor 

[ PMIO Cone for Site: 

1 Exposure Time: 

1 Inhalation Rate: 

|Chemical-tpecific parameten 

1 Chemical 

1 Antimony 

1 Beiyllium 

[Cadmitmi 

[Manganese 

1 Ben2a(a)anthracene 

[Benzo(a)pyrene 

1 Benzo(b)fluoranthene 

Dibenzo(ah)enthracene 

|lndeno(123cd)pyiene 

Benzene 

1 Ethylbenzene 

1 Toluene 

Xylene 

[ H B C L B for Carcinogenic Effects 

1 Chemical | 

1 Antimony 

Beiyllium 

Cadmium 

[Manganese | 

[Benzo(a)Bnthracene [ 

Benzo(b)fluoninthene 

Indeno(I23cd)pymie [ 

Benzene [ 

Ethylbenzene j 

IPRGS.XLWll:, ILEI.XLS 

Soiiili W,_,V, 1 ! 1 

7/6,'yS 

Adult Soil IngeJtinn 

70 

1642.5 

25550 

4.5 

4.5 

250 

100E.06 

10 

0 52 

_^. -

Target 

Hazard Index 

I 

i 
1 

1 

1 
1 

1 

1 

I 

I 

1 

1 

1 

SoU 

Ingestion XF 

kgflcg-day 

327E-09 

8 36E-I0 

3 27E.09 

7.68E-10 

I.64E-09 

164E-09 

164E-09 

I.64E-09 

1 64E-09 

OOOE+OO 

OOOE+OO 

[Scenano: 

Adult Demial Contact 

70 

l<H.i.5 

25550 

4 5 

4 5 

250 

l.OOE-06 

0 52 

2836 

0 2 

Taiget 

Rjak 

IOOE-06 

IOOE-06 

IOOE-06 

1 00E.O6 

t OOE-06 

IOOE-06 

l.OOE-06 

I.00E.O6 

I OOE-06 

1.OOE-06 

I OOE-06 

l.OOE-06 

l.OOE-06 

Dennal 

ConUct XF 

k|Ag-day 

1.86E-09 

6 3 I E - I 2 

1 86E-09 

9.09E-12 

1.64E-09 

1.64E-09 

1.64E-09 

1.64E-09 

1 64E-09 

OOOE+OO 

0OOE+OO1 

iiidiuuial/Comnicicuil -

Adult Inhalation 

70 

16H2 J 

25550 

4 5 

4 5 

250 

I.OOE-06 

0 52 

8 

0 83 

SoU 

Half-LUe 

(yean) 

1 8 6 3 

I 452 

1671 

2 57S 

2 0 0 0 

2 0 0 0 

0 6 2 5 

0 5 7 3 

1000 

Paniculate 

Inhalation XF 

kgtg-day 

OOOE+OO 

OOOE+00 

0 OOE+OO! 

OOOE+OOi 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

MLEI 

kg 

days 

yean 

yean 

days/year 

kg/mg 

mg/dmy 

cm2 

mg/cn>2 

mg/m3 

houn 

mS/hr 

Surface 

Mot ion/ 

Attenuation Factor 

1 OOE+OO 

IOOE+OO 

l.OOE+00 

l.OOE+OO 

I 08E-0I 

8 38E-02 

964E-02 

1 48E-0I 

I.I5E-01 

I.15E-01 

3 61 E-02 

332E-02 

577E-02 

Vapor 

bihalationXF 

kg/Vg-day 

*DIV/OI 

#DIV/OI 

M)IV/OI 

«iIV/OI 

rorv/oi 
*DIV/OI 

*DIV/OI 

#DIV/OI 1 

*DIV/OI 

1 38E-0g 

1 31E-08 

1 • 

-

Oral 

BioenUabUiiy 

100 00*/. 

25 57*/. 

100 00*-'. 

23.47*/. 

50 00*4 

50 00*4 

50 00*/4 

50 00*/. 

5000*4 

100 00*4 

100 00*/. 

100 00*/. 

100 00*4 

SoU HBCL 

nig*g 

«3IV/0I 

276E+02 

#DIV/OI 

KDIV/OI 

3 90E+O3 

5 00E+O2 

4.34E+03 

2.82E+02 

3 63E+03 

2I6E+04 

WDIV/OI 

— 

. -

Dennal ABS 

I 0000*/. 

0 0034*/. 

1 0000*/4 

0 0049*/. 

10 0000*4 

100000*4 

10 0000*'. 

100000*/4 

10 0000*/. 

3 0OOO*/4 

3 0000*/. 

3 0000*/. 

3 0000*4 

« 
I I I I 

Oral RID 

n » ^ - d " y 
4.00E-O4 

500E-03 

IOOE-03 

I.40E-OI 

O00I7I 

0 1 

0 2 

2 

Inhalation RfD 

n»*g-day 

400E-O4 

50OE-O3 

IOOE-03 

I.43E-05 

0 00171 

0 286 

0 1 1 4 

2 

p 

OralSF 

(i)ig4g-day)-l 

430E+O0 

7 30E-01 

7 30E+O0 

730E-bl 

7.30E+00 

730E-01 

290E-O2 

Inhalation SF 

(liig*g-day)-l 

g40E*OO 

6I0E-01 

6 10E+00 

6.10E-01 

6.10E+00 

6 lOE-01 

2.90E-02 

[ j 

VF 

(m3/kg) 

-

302E+O5[ 

3 20E+O5| 

3 1IE+05 

3 27E+05 

Pnga 1 11:19 AM 
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Toluene 

Xylene 

HBCU for Noncarcinogenic Eff 

Chemical 

Antimony 

Beryllium 

Cadmium 

Benzo<a)anthracene 

Benzo(a)pyreno 

Benzo(b)fluorenthene 

Dibenzo(ah)anthracene 

Indeno(123cd)pyrene 

Benzene 

Ethylbenzene 

Toluene 

Xylene 

OOOE+OO 

OOOE+OO 

ecu 

S ^ 
Ingestion XF 

kg/kg-day 

509E-08 

130E-08 

509E-08 

M9E-0« 

2 54E-08 

2.54E-08 

254E-08 

2 54E-08 

254E-08 

OOOE+OO 

OOOE+OO 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+OO 

Demial 

Contact XF 

kglig-day 

2 89E.08 

9 81 E l l 

289E-08 

I 4 I E - I 0 

2 54E-08 

254E-08 

2 54E-08 

2.54E-08 

2.54E-08 

OOOE+OO 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+00 

OOOE+OO 

Paniculate 

bihalationXF 

kgflcg-day 

OOOE+00 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+OO 

OOOE+00 

OOOE+00 

OOOE+00 

OOOE+00 

134E-08 

1 28E-08 

Vapor 

Inhalation XF 

kg/kg-day 

*DIV/0l 

«DI\70I 

W3IV/0! 

KDIV/OI 

KDIV/OI 

*DIV/OI 

«DIV/OI 

«5IV/0I 

«Drv/oi 
2I5E-07 

203E-O7 

209E-07 

199E-07 

«DIV/OI 

#DIV/OI 

SoU HBCL 

mglig 

5 02E+O3 

3 8IE+05 

1 25E+04 

I I6E+07 

M)IV/0l 

*DIV/0( 

W)IV/OI 

HDWm 

lOIV/OI 

689E+04 

3 91E+07 

I64E+07 

1.74E+08 

.. .... 
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JHRG Calt-ulaliun 'MI US Sled - SuuUi Workj 

1 Date 1 7/5/95 
i I 

1 D. .4 . , \ i r . : „ l . t 

1 Avenwing Time (non): 

1 Avcniging Time (care ) 

1 Exposure Duration: 

1 Exposure Duration: 

1 Exposure Frequency: 

1 Conveision Factor: 

1 Soil Ingestion Rate: 

1 Fraction Ingested: 

1 Skin Surface Area: 

1 Adherence Factor 

PMIO Cone for Site: 

1 Exposure Time: 

1 Inhalation Rate: 

1 Chemical 

[Antimony 

[Beryllium 

JCadmium 

[Manganese 

1 Bcn2o(a)anthracene 

|B«uo(a)pyrcne 

|Bciuo(b)fluoranlhcne 

[ Dibenzo(ah)anthfacene 

Indeno(123cd)p>Tene 

[Anthracene 

[Acenaphthcne 

[Acenaphthylcnc 

1 Benzo(ghi)peiylene 

|Benzo(k)nuoranthene 

Chrysene 

[Fluoranthene 

Fluorene 

[Pyrene 

jPhcnanthiene 

[Benzene 

Ethylbenzene 

[Toluene 

Xylenes 

Adult Soil Ingestion 

7(1 

1 365 
25550 

1 

160 

i60E-06 

200 

i 

— - - .... 

Tsiget 

Hazard bidex 

1 

• 

HBCLs for Carcmogenic Effects 

Chemical 

[Antimony . 

Soil 

bigestion XF 

kg/kg-day [ 

1.79E-08 

Scenario: 

Adult Dennal Contact 

70 

365 

25550 

1 

I 

160 

l.OOE-06 

1 

4300 

1.5 

Target 

Risk 

I.OOE-06 

1 OOE-06 

IOOE-06 

l.OOE-06 

1 OOE-06 

l.OOE-06 

IOOE-06 

l.OOE-06 

l.OOE-06 

I.OOE-06 

IOOE-06 

IOOE-06 

IOOE-06 

l.OOE-06 

IOOE-06 

l.OOE-06 

IOOE-06 

1.OOE-06 

IOOE-06 

I.OOE-06 

IOOE-06 

IOOE-06 

I.OOE-06 

Dermal 

Contact XF 

kg/kg-day [ 

577E-09 | 

Constniction - MEI 

Adult Inhalation 

70 

365 

25550 

__ 1 

160 

IOOE-06 

' 

5 

083 

ŜoU 

Half-Life 

(yean) 

1863 

1452 

1671 

2575 

2000 

5860 

0 279 

0164 

1.78 

5 860 

2 720 

1205 

0164 

5 200 

0 548 

2000 

0 625 

0 5751 

I.OOO 

Particulate [ 

Inhalation XF 

kg/kg-day [ 

2.97E-09[ 

[PR(3S .XLW|CX . . M E I . X L S 

- 1 
k a " " 

days 

days 

yean 

years 

daya/year 

kg/mg 

mg/day 

cm2 

mg/cni2 

mg/m3 

houn 

m3/hr 

Dilution/ 

Attenuation Factor 

IOOE+OO 

1 OOE+OO 

IOOE+OO 

1 OOE+OO 

8 35E.O 

7 95E-0 

8I9E-0 

8 77E-0 

8 45E-0 

9.43E-0 

369E-0 

2 34E-0 

828E-0 

9 43E-0 

8 83E-0 

7 6IE-0 

2 34E-0 

9 36E-0 

567E-0 

8 45E-0 1 
6 04E-0 

5 8IE-0 

7.21E-0 

Vapor 

Inhalation XF [ 

kg/kg-day 

*DrV/0! [ 

---

I.14E-04 

Oral 

Bioavailability 

100 00*/4 

2557*/. 

IOOOO*/4 

23 47*/4 

50 00*,4 

50 00*/. 

50 00*/. 

50 00*/. 

5O0O*/4 

50 00*/. 

50.00*/4 

50 00*/4 

50 00*/4 

50 00*, 4 

50 00*/. 

50 00*/. 

5000*/. 

50 00*/. 

50 00*/. 

100 00*/. 

100 00*/4 

100 00*/. 

100 00*/. 

Soil HBCL 

mg*g 

#Drv/oi 

Demial ABS 

I0OOO*/4 

0 0O34*/4 

I 0000*/. 

0 0049*/4 

10000«. 

iooooo*,. 
lOOOOO*/. 

10 0000*/. 

IOOOOO*/. 

10 0000*/. 

IOOOOO*/. 

I0 000«. 

IOOOOO*-. 

lOOOOW. 

IOOOOO*,. 

IOOOOO*/. 

IOOOOO*/. 

IOOOOO*/. 

IOOOOO*/. 

3 0000*/. 

3 0000*/. 

30000*/. 

3 0000*/. 

— • -

^ ) r e l R © ~ 

mg/kg-day 

4.00E-04 

5 00E-03 

l.OOE-03 

I 40E-01 

300E-01 

600E-02 

600E-02 

60OE-02 

400E-02 

400E-02 

300E-02 

6.00E-02 

1 7lt-03 

I.OOE-0 

2.00E-0 

200E+00 

1 
1 

. 

PEU 

05 

0002 

0005 

5 

bihalation RID 

mg/kg-day 

I43E-0I 

57IE-04 

I.43E-03 

I43E+00 

300E-01 

600E.02 

6 00E-02 

6.00E-02 

4 OOE-02 

400E-02 

300E-02 

600E-02 

1 7IE-0J 

286E-0 

I I4E-0 

2 OOE+OO 

[ - - - - • -

RID-Inh 

I43E-OI 

5.7IE-04 

1.43E-03 

I43E+00 

OralSF 

(mgl£g-day)-l 

430E+O0 

7 30E-O 

7 30E+00 

730E-0 

7.30E+O0 

730E-0 

7 30E-02 

7.30E-03 

290E-0i 

X 

• — 

bUialation SF 

(mg/kg-day>-I 

8 40E+00 

630E+00 

6 lOb-OI 

6lOE+OO 

6 lOE-OI 

6.I0E+00 

6 lOE-01 

610E-02 

610E-03 

290E-02 

VF 

(m3/kg) 

- -

I42E+06 

601E+O 

2 I 9 E + 0 4 

9 01E+0 

3.76E+06 

9 04E+05 

I SiE+04 

251E+04 

2 I 7 E + 0 4 

2 99E+04 

/ / ; ;4/ab ra \ jo I 1 1 1Q A M 



IPRGS.XLWjc^ MEI.XLS 

[Beryllium 

{Cadmium 
I M U I I ^ J U K ^ 

[Bcnzo(a)anthraccne 

|Benzo(a)p>Tcne 

|Benzo(b)iiuoraiiuiciic 

j Dibcnzs(sh)3Rt.>tiaca'.e 

|Anthraccne 

[Acenaphthcne 

[Acenaphlhylene 

[ Benzo(ghi)peiylcne 

|Benzo(k)f1uoranthene 

[Chiysene 

[Fluoranthene 

iFluorene 

[Pyrene 

[Phcnanthrene 

1Benzene 

[Toluene 

Xylenes 

jlIBCLs for Noncarcmogenic Efl 

[ Chemical 

[Antimony 

Beryllium 

[Cadmium 

JKlanganese 

[ Benzo(a)anthracene 

Benzo(a)p>Tene 

[Benzo(b)nuoianthene 

[ Dibenzo(ah)anthrecene 

[ Indeno( 123cd)p)Tene 

[Anthracene 

Acenaphthcne 

[Acenaphlhylene 

|Benzo(ghi)peiyIene 

1 Benzo(k)nuonnlhene 

[Chrysene 

[Fluoranthene 

[Fluorene 

Pyrene 

Phcnanthrene 

[Benzene 

[Ethylbenzene 

Toluene 

.Xylenes 

4 58E0y l 196E-11 

i 79E 08 j 5 77E-09 
A -inc.no 

8 95E-09 

8 95h-Oy 
o ner r />o 

8 95FJN 

8 9 5 E W 

g.95E-09 

895E-09 

895E-09 

895E-09 

8 95E-09 

895E-09 

8 95E-09 

8 95E-09 

8 95E-09 

8 95E-09 

i.79E-08 

1 79E-08 

1.79E-08 

179E-08 

ects 

Soil 

IngesUonXF 

kg/kg-day 

1.25E-06 

320E-07 

I 25E-06 

294E-07 

626E-07 

6 26E-07 

626E-07 

626E-07 

6 26E-07 

6 26E-07 

626E-07 

6.26E-07 

6 26E-0 

626E-07 

626E-07 

626E-07 

626E-07 

626E-07 

626E-07 

I.25E-06 

125E-06 

1 25E-06 

I 25E-06 

J x i h . - i i 

8 95E.09 

8 95E-09 
• o t c / » 

8 95E.09 

8 95E-09 

I.95E-09 

8.95E-09 

895E-09 

895E-09 

8.95E-09 

895E-09 

8 95E-09 

8.95E-09 

8 95E-09 

8 95E-69 

I 7 3 E i g 

1.73E-08 

1.73E-08 

173E-0g 

Dermal 

Contact XF 

kglcg-day 

404E-07 

137E-09 

4 04E-07 

1.98E-09 

626E-07 

626E.07 

626E-07 

6 26E-07 

6 26E-07 

6 26E-07 

626E-07 

6 26E-07 

6 26E-07 

6 26E-07 

6 2 6 b - 0 / 

626E-07 

626E-07 

6.26E-07 

626E-07 

12IE-06 

121E-06 

121E-06 

I.2IE-06 

2 97L-09 

2 97E 09 

i 1 •jltL'sj 

2 97E-09 

2 97E-09 
•> O T P J M 

297E-09 

2 97E-09 

2 97E-09 

297E-09 

2 97E-b9 

2.97E-09 

297E-09 

2 97E-09 

2 97E-09 

297E-09 

2 97E-09 

2 97E-09 

2 9 7 E 0 9 

297E-69 

297E-09 

2.97E-09 

Particulate 

Inhalation XF 

kg/kg-day 

2 08E-07 

2 O8E-07 

208E-07 

2 08E-07 

2 08E-07 

2 08E-07 

2 08E-07 

2 08E-07 

2 08E-07 

2 08E-07 

2 08E-07 

208E-07 

208E-0 

208E-07 

i.08E-0 

208E-07 

208E-07 

208E-07 

2.08E-07 

2.0gE-07 

208E-0 

2 08E-07 

208E-0 

BUIV/OI 

WDIV/OI 

HL/iV/ui 

kirv/oi 
SDP.VOI 

1 «niv/oi 
t «Drv/oi 

#DIV/OI 

4 I8E-10 
9 J 8 E - I 0 

2 71E-08 

*D[V/OI 

rorv/oi 
#DIV/OI 

WDIV/OI 

659E-10 

i 58E-l6 

6 57E-10 

3 28E-08 

2 37E-b8 

274E-08 

I 99E-08 

Vapor 

bUialation XF 

kg/kg-day 

' #DIV/Of 

#Drv/oi 
*DIV/0! 

KDIV/0! 

»DIV/OI 

«DIV/0! 

*D[V/0( 

#DrV/0! 

#DIV/0! 

293E-08 

6 92E-08 

190E-06 

#DIV/OI 

*DIV/OI 

ifDrV/Oi 

«5rv/oi 
462E-08 

1 l lE-08 

4 60E-08 

2 30E-06 

166E-06 

I92E-06 

1 39E-06I 

1 2 2JE>01 

5 34Et0 i 
j 1 1 i 

1 i 1 
I " L / l " ' " ! 1 i i j 

8 05E+01 

8.46E+O0 

8 2iE+01 

767E+O0 

7 96E+OI 

*DIV/OI 

#D"IV/OI 

*Drv/oi 
«3IV/0I 

T13E+02 

/.02E+O3 

(orv/oi 
#D1V/0I 

*D1V/0I 

#DrV/0! 

575E+02 

#DIV/OI 

#D1V/0I 

TOIV/OI 

Soil HBCL 

mg/kg 

2 4 I E t 0 2 

234E+0 

555E+0 

4 43E+05 

*DIV/OI 

#D1V/0I 

#Drv/oi 
#DIV/OI 

SDIV/O! 

2 54E+05 

1.30E+05 

2 05E+05 

496E+04 

#Drv/oi 
rorvvoi 

360E+O4 

137E+05 

256E+04 

844E+04 

4 07E+02 

5 3IE+04 

5 56E+04 

6 82E+05 

Z 

- -

- - -

_ 

• • -

. _ . 
1 • -

... 

\ 

i - . . 

-
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1 '̂Kw La laJ* ion fci u i j i « i iouui w o i u 

[ [W. 

[ BodyWaithl: 

1 AvOTgDig Tana (nor): 

1 Avm»in«Tim. (ca rc . ) : 

1 u4>o«ui'a DoiMion: 

1 E i p o i u n D n a i o a : 

Expoeon FraqoMicy: 

ConvmioDFac t e r 

Sou ln ( . auaa lljla 

1 Fradioa lll(Mlail: 

Skin Sinfact Area: 

A d k m n c a F a d e r 

PMIO COK foe Ska: 

EspeaaiaTiBa: 

CiMniical 

A.aiRH>ny 

Bdytbum 

1 Cadnuum 

|Bcnao(a)Mhiac«u 

IsenlDlalpyraa 

[BauoO>)llaora«h<n. 

DibmixKriilmliracan. 

lnd<no(llScd)|iynn< 

Aiuhnccn* 

Bcfi2D<^)paylaiM 

Bcnio<k)nnonMli«u 

CluyiMia 

[ F l u o m h o M 

Fluonna 

PyrnM 

Benzm* 

Eihytboizma 

[ r a t a n a 

XyloMa 

1 
i 

7 / t /9s | s ia iMio: 

AauKScil 

bwaaion 

70 

M3 

2 » H 

; 
I 

l<0 

I.OO&W 

M 

1 

Haiac4bld<x 

i 

1 

1 

1 Ai luaDKnul 

Comacs 

1 "' 1 M3 

1 l i i X 

1 

1 ><* 
I . O O E - M 

[ 1 
4300 

1.9 

TatV" 
Rilk 

100E.O6 

I.00E4< 

I.OOE-0( 

I.O0E-a« 

I.OOE-«« 

IOOE-0< 

looe-oi 

I O O E - 0 6 

1 0 0 E - O ( 

I O O E - 0 < 

I O O E - 0 6 

I O O E - 0 6 

I 0 O & O 6 

I O O E - 0 6 

I O O E - 0 6 

I O O E - 0 6 

l O O E - 0 6 

l .OOE-06 

I 0 0 E . O 6 

I O O E - 0 6 

l ^ M 

l O C E - 0 6 

I O O E - 0 6 

C o i u t n K t i o n - M L E I 

1 

Aduk InhalMion 

70 

363 

23350 

1 

160 

I 0 0 E 4 6 

1 

0 0 ] 

I 

0 1 3 

soa 
Half-tif. 

Or«") 

1163 

J ^ 
167 

J 375 

3000 

3160 

0279 

0 164 

1711 

S I60 

2 7 M 

1 » 3 

0 164 

3 200 

0S4S 

2000 

0 975 

0.625 

1000 

k ( 

day. 

days 

y a n 

dayi/y«« 

t g t a , 

SfJay 

cm2 

m|/cni2 

h o a n 

mVhl 

D i h n 

Antnuaiol 

inf 

t Fader 

lOOEtOO 

IOOE««0 

IOOE+OO 

IOOE+OO 

I35E-OI 

7J5E-01 

I I9E.0I 

i77E-OI 

I4SE-0I 

<43E-01 

3 69E^I1 

2>4E^)I 

t2>E-OI 

»43E-0I 

I I3E-0I 

76IE-0I 

2 34E-0I 

936E-0I 

567E-OI 

I43E-OI 

3 i lE -01 

6O4E-0I 

721E-01 

I.I4E.04 

O l d 

Bicmdaiiili ly 

100 OOK 

23 5 7 S 

100 OOK 

2347H 

50.00H 

30 OOK 

90 00H 

90 00H 

90 OOK 

50 0 0 S 

30 OOK 

90 OOK 

90.00K 

90.00K 

90.00K 

30 00>/i 

30 OOK 

30 OOK 

30.00K 

100 OOV 

lOO.OOK 

100 OOK 

100 0 0 * / 

; : ^ ; : ; 

D v n a l A B S 

I0000*,4 

0 0034K 

I0000-/4 

OOOtr/i 

IO0OOO*/i 

IOOOOO*/« 

lOOOOOK 

lOOOOOK 

lOOOOOK 

IOOOOO*/. 

IOOOOO*/4 

IOOOOO>/4 

IOOOOO*/! 

IOOOOO*/. 

lOOOOOK 

IOOOOO*/. 

lOOOOOK 

10 0 0 0 0 ^ 4 

IOOOOO*/. 

30000*/ 

30000K 

3 0000*/4i 

3 0000*/4 

O n l R l D 

ni(/k(-day 

4 0 0 E ^ 

9 00E-03 

IOOE-03 

I40E.0 

-

3OOE-0I 

6 OOE-02 

6 OOE-02 

(OOE-02 

4 OOE-02 

4 OOE-02 

3 OOE-02 

600E-02 

1 71E-03 

lOOE-OI 

2 0OE-01 

2 00E*00 

P E U 

0.3 

0002 

0003 

Inkabaon lUD 

• l | / t ( - 4 a y 

1.43E-0 

9.7IE-S4 

1.43E4 

I.43E4O0 

3.00E4)I 

».00tO2 

< O 0 E 4 ] 

60OC-02 

4 00E-02 

4 OOE-02 

3.00E42 

6.00E-02 

1.71E-03 

2.WE.0 

I.I4E-0 

2 0OE4O0 

M D - I n k 

I.43E-0I 

9.71E-04 

I.43E4I3 

1.4)E4«0 

O n l S F 

(n*»«^lay) - l 

4 30E+00 

7.30E.O 

7.306+O0 

7 3 0 t - 0 

7.30E4O0 

7.30E.O 

7.30t4P2 

7.30E.O3 

2.WE4I2 

1 

la lul i t ionSF 

(a«« i -day) - l 

• 40E»00 
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EXTRACTION STUDIES TO DETERMINE THE LEACHING OF 
BERlfLUUM AND MANGANESE IN SIMULATED GASTRIC CONDITIONS 

IN SIMULATED SWEAT 

March 15,1995 

SCOPE OF WORK 

ChemRiik will perfonn extraction studies to determine the amount of Beryllium (Be), 
Miingani^e (Mn), and lead (Pb) that can be extracted from South Works site soil under simulated 
giiu'stric conditions and the amount of Be and Mn that can be extracted by sweat on the skin. The 
pmrceni of each metal released from the soil matrix in these experiments will be used to develop 
sir.e-specific bioavailability factors for the South Works health risk assessment (HRA) versus the 
u i,«; of siandard default bioavailability factors. 

Extraciion in Simulated Gastrointestinal Conditions 
Ciily th« fraction of Be, Mn, and Pb that can be released from the soil matrix (into solution) in 
tlie acid conditions of the stomach will be absorbed systemically. Some absorption may occur 
\n ithin tlie intestinal tract, however, the alkaline conditions are expected to significantiy reduce 
tlie solubility of metals and, hence, limit the systemic absorption. To estimate the absortied dose 
of each metal for the soil ingestion pathway, it is important to determine the fraction of these 

%i f nietais toat could potentially be solubilized from South Works soils in the acid conditions of the 
S'lomacfa. 

ClhemRJ.sk will perfonn a simple extraction experiment to evaluate the amount of Be, Mn, and 
l b that can be extracted from South Works soil for simulated gastric conditions. The protocol 
v.Ul include an initial analysis of the soil (in duplicate) to determine the amount of Be, Mn. and 
Pb in the soil before the extraction is performed. For this study, a small amount of soil wiU 
t e added to a flask containing strong acid (pH 1.4 HCl) lo simulate soil ingestion. The volume 
c f acid and mass of soil are based on the amount of gastric juice in the stomach of a child and 
tlie amount of soil ingested under an upper bound exposure condition (2(X) mg). The pH of the 
solutior. will be monitored during the experiment to ensure that the high pH soil does not act as 
a buffer to the acid. Similar to the stomach conditions, the p H of the acid solution will be kept 
c t approximately 1.4 throughout the extraction study, and the temperamre will be kept at 37*C 
(norma: body temperature). The extraction experiment will be conducted for one hour, similar 
tiD the residence time for consumed contents in the stomach. The amount of Be, Mn, and Pb 
released from the soil matrix and in solution at the end of the experiment will be measured and 
t he Fer;ent release will be calculated for each metal. 

ChemRisk 
X Division of McLaren/Hart 
Ervironmental Engineenng 
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llojl materials for this smdy will be obtained from WTI. Soil sampling locations were selected 
t:!ise<i on previous analyses, to collect soils with high and average concentrations for each metal. 
loH samples will be collected from the same areas as samples SB-29-1, SS-9-01, and SB-30-1 
M/hich were collected during the previous site assessments and which represent samples with high 
];ie and Mn (SB-29-1) and high Pb (SS-9-01). Sample SB-30-1 contained levels of Be, Mn, and 
] >b tliat are similar to the average concentrations on the site. The samples aie to be collected 
by WTt and split with ChemRisk*. WTI will have each sample analyzed for Be, Mn, and Pb. 
] iew samples shall be named as follows: S-29 (SB-29-1 location), S-9 (SS-9-01 location), and 
;:;-30 (SB-30-1 location). 

The aqueous solution used as the extractant will be 0.04 M HCl. This molarity concentration 
f;pn:sents a fluid with a pH of approximately 1.4, which is within the normal range of gastric 
Iuid pH (normal = <2.0; Clinical Diagnosis by Laboratory Methods, 1974). A ratio of 200 
ng soil to .50 mL acid solution will be used in this smdy. This amount of soil is the USEPA 

ilefault value for incidental daily soil ingestion by children (USEPA, 1989) and 50 mL is a 
volume within the range of normal gastric fluid volumes (under basal conditions) for children 
20 - 100 mL; Clinical Diagnosis by Laboratory Methods, 1974). However, to facilitate a more 

precise measurement of soil and to provide the laboratory with an adequate aliquot sample, 1.00 
i;ram portions of soil and 400 mL of HCL are to be used. Soils will be extracted with the acidic 
;;olution for 1 hour at 37''C with gentle agitation. The complete gastric extraction protocol is 
:)rovidp-d as Attachment I. One extraction sample from each soil sample plus one duplicate will 
bo used in the gastric extraction smdy for a total of six samples. In addition, one laboratory and 
;)ne HCl spike will be analyzed for quality control. 

Procedures and results of this experiment will be discussed in detail in the final HRA. 

Extraction in Simulated Sweat on the Skin 
Similar to oral absorption, only the fraction of Be and Mn that can be released from the soil 
niatrix in sweat on the skin will be available for dermal/systemic absorption. Hence, it is 
bnportant to determine the fraction of Be and Mn which could be released from South Works 
soils Ul sweat on the skin. Lead will not be evaluated in this smdy since it is not absorbed 
lermaJy to any appreciable degree (USEPA, 1991; ATSDR, 1991) and is not evaluated for 
dermal contact in either the USEPA lEUBK blood-lead model or the PBPK model developed by 
Dr. Ellen 0'FlaherT>' (USEPA, 1994; O'Flaherty, 1993). 

ChemJlisk will perform an extraction experimem to evaluate the amount of Be and Mn that can 
be extcaaed from South Works soil in conditions that simulate sweat on the skin. This smdy 
will be based on the protocol for sweat extraction discussed in Horowitz and Finley (1993). For 
this smdy, a small amount of soil will be added to a flask containing simulated sweat (obtained 
comrasrcially) at a ratio of 20:1 (sweat to soil), and the temperamre will be kept at 37"'C 

ChemRisk' 
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(iiormaJ. body temperamre). This ratio is representative of soil on the skin during work activities 
and was calculated using the USEPA soil adherence rate as described in Horowitz and Finley 
(1993) (attached). The extraction experiment will be conducted for 12 hours, similar to the 
a oaount of time soil could be in contact with the skin. The amount of Be and IMn released fttnn 
tlie soil matrix and in the sweat solution at the end of the experiment will measured and percent 
release will be calculated for each metal. A total of four extraction samples will be analyzed; 
erne from each soil sample and one duplicate from each soil sample. To ensure proper quality 
c ontrol and assurance, laboratory spike and blank samples will also be analyzed inclucUng a spike 
cif the simulated sweat aliquot. The complete sweat extraction protocol is provided as 
/Lttachment n . Procedures and results of this experiment will be discussed in detail in the final 
HRA. 
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ATTACHMENT I 

SIMULATED GASTRIC CONDITION 
EXTRACTION PROTOCOL FOR BERYLLIUM, MANGANESE, AND LEAD STUDY 

NOTE: The following protocol is for samples S-29, S-9. and S-30. The samples are to 
be coUeaed by WTI and split with ChemRisk*. WTI will have each sample 
analyzed for beryllium, manganese, and lead. Complete the protocol for each 
sample. 

Step 1: Dry and homogenize all soil contained in each sample. 

;ytep 2: Weigh out 12 soil portions of 1.00 gram each (four from each sample). 

Step 3:, Initial analysis: Analyze two 1.00 gram portions from S-29 for manganese and 
beryllium (Method 6010), two 1.00 gram portions from S-9 for lead (Method 
6010), and two 1.00 gram portions from S-30 for manganese, beryllium, and lead 
(Method 6010). 

:5tep 4: Analyze each of the remaining 1.00 gram sample portions as shown below. 

Step 5: Prepare a 0.04 molar solution of reagent grade HCl. 

Step 6: Mix each two 1.00 gram soil portions (two from each sample) with 250 mL 
0.04M HCl in a pre-cleaned 400 mL jar. 

Step 7: Gentlv agitate jar with sample portion for 1 hour and mainuiin temperamre at 
37'C. 

Step 8: Every ten minutes measure pH and adjust with 10 mL of 0.04M HCL if pH is 
not equal to 1.4. Repeat as necessary. 

Step 9: After 1 hour, decant solution through filter paper to obtain the aqueous 
solution containing beryllium, manganese, and lead (filtrate). Rinse filter with 
5 - 20 mL of 0.04 M HCl as appropriate. Record volume of filtrate recovered. 

Step JOa: Analyze a 150 mL aliquot of filtrate from each sample using Method 6010 for 
beryllium, manganese, and lead. 

ChemRisk 
A Division of McLaren/Hart 
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;;tep iOb: 

Step 11: 

Step 12: 

:Step 13: 

Bitep 14: 

Spike an additional 50 mL aliquot of the filtrate and analyze using Method 6010 
for manganese, beryllium, and lead (matrix spike level to be detennined from 
results of Step 10a). 

Archive the remaining filtrate. 

Archive the extracted soil portions. 

Archive remaining homogenized soil sample for fixture analyses. 

Calculate the percent extraaed by dividing the total amount of beryllium, 
manganese, lead in the filtrate by the amount measured in soil. 

'^ClMDRisk 
A Division of McLaren/Hart 
Environmental Engineenng 

a ^ 



<'i i * 

ExIi'actioDi Protocols 
Pai(ie 6 

ATTACHMENT U. 

S^^^EAI FJORACTION STUDY PROTOCOL FOR BERYLLIUM AND MANGANESE 

NOTE: The following protocol is for samples S-29 and S-30. The samples are to be 
coUeaed by WTI and split with ChemRisk*. WU will have each sample analyzed 
for beryllium, manganese, and lead. Complete the protocol for each sample. 

Step 1: Dry and homogenize all soil contained in each sample. 

Si ep 2: Sieve the soil in each sample using a sieve with a diameter of ^ 500 /xm (#35 
mesh). 

S(ep 3: Weigh out four soil portions of 10.00 grams each (two from each sample) and 
two portions of 1.00 gram each (one from each sample). 

Siep 4: Analyze the 1.00 gram portion from S-29 for manganese and beryllium (Method 
6010) and the 1.00 gram portion from S-30 for manganese and beryllium (Method 
6010). 

Step 5: Add the simulated sweat to one of each soil sample in the sweat-td-soil ratio of 
20:1. Two hundred milliliters of sweat and 10 grams of soil should be used for 
20:1. 

Step 6: Cover the bottles tightly, let them sit partially immersed in a 37"C water bath for 
12 hours, and gently swirl samples one time per hour (5 revolutions) for the last 
three hours of extraction. At the end of the extraction period, separate the sweat 
from the soil by vacuum filtration using a 1.0 nm filter. 

Measure the volume of sweat in milliliters to determine sweat loss during the 
experiment. 

Analyze the filtered sweat (100 mL aliquot) from each group for Beryllium and 
Manganese using EPA Method 6010. 

Spike a 50 mL aliquot of each filtrate using Method 6010. 

Archive the remaining filtrate. 

Calculate the percent extracted by dividing the total amount of beryllium or 
manganese in the sweat by the amount measured in soil. 

Step 7: 

Step 8: 

Siep 9: 

Sitep 10: 

lijep 1].: 
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TO îLIClTif PROFILES FOR THE COIS 

Brief descriptions of the toxicity of each of the COIs are provided below. 

Anti rnony 
Anti rnony is a namrally occurring element found mainly in the environment as sulfides and 
oxicES. It is included in alloys in the metals industry, and is used for producing fireproofing 
cheinicals, ceramics, glassware, and pigments. High level acute toxicity in rats is marked by 
wei|;;ht loss, loss of hair, dry and scaly skin, vomiting, and diarrhea (Klaassen et al., 1986; 
ACGIH, ]986). Occupational exposure to antimony may result in irritation of the upper 
respirator)' tract (including laryngitis, bronchitis and pneumonitis), abdominal pain and ulcers, 
higli blooc. pressure and chronic heart disease (Klaassen et al., 1986; ACGIH, 1986, Seiler et 
al., 1988). Antimony is also a contact allergen (Seiler et al., 1988). 

Ber'/llium 
Beryllium is a hard, brittie metallic element that is used in ceramics, electron tubes, and high 
temperamre reaction systems. The primary noncarcinogenic effects of beryllium, upon 
inhiilation, are to the lungs. In workers occupationaily exposed to beryllium, chronic pulmonary 
beryllium disease (berylliosis) has been observed; it is characterized by shortness of breath, 
pulnonap/ inflammation and chemical pneumonitis (Klaassen et al., 1986; ACGIH, 1986, Seiler 
et III., 1988). Beryllium is also a contact allergen (Seiler et al., 1988). 

Bei yllium has not been shown to cause cancer in humans, even among populations with increased 
ratios of berylliosis (USEPA, 1995). It has been suggested that humans may be susceptible to 
beryllium diseases but resistant to the development of lung cancer (Seiler et al., 1988). 
However, beryllium has been shown to cause lung cancer in rats and monkeys via inhalation and 
to induce osteosarcomas in rabbits via intravenous and intramedullary injections (USEPA, 1995). 
Beryllium has not been shown to cause a statistically significant increased rate of cancer in either 
animals or humans upon oral exposure (USEPA, 1995). 

Cailmiiim. 
Caiimium is a namrally occurring element most often encountered in the environment as an 
oxide, chloride or sulfide. Ingestion of high doses of cadmium causes irritation of the stomach, 
vomiting and diarrhea. Acute inhalation toxicity is characterized by dyspnea, cough and tighmess 
in iJie che t̂ which could further develop into pulmonary edema and possibly bronchopneumonia 
(F:iberg et al., 1974). 

In the cases of low-level chronic exposure, the kidney is the most sensitive organ. Cadmium 
affects the proximal tubule's reabsorption capabilities which leads to abnormalities in metabolism 
of uric acid, calcium, and phosphorous. Abnormal metabolism leads to kidney stones and 
osi^»malacia (Friberg et al., 1977; NIOSH, 1976; Stokinger, 1981). Additionally, pulmonary 
filirosis ;md emphysema have been observed in factory workers exposed to high levels of 
caiimium in air (Bonneli, 1955). Epidemiological studies of humans exposed to cadmium provide 
liinite<l evidence that inhaled cadmium is a lung carcinogen; however, chronic inhalation exposure 
to cadmium chloride is associated with increased frequency of lung tumors in animal studies. 
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Lggd 
Lead : s a naturally occurring metal found in all environmental media, primarily in tlie inorganic 
form. Acute; lead poisoning in humans results in symptoms of fatigue, disturbance of sleep and 
constiaation, followed by colic, anemia and neuritis (Stokinger, 1981). Low-level chronic 
exposure to lead has resulted in neurobehavioral effects, and young children, because of their 
premjiture neurological systems, are the most sensitive. The USEPA and Centers for Disease 
Control have identified a blood lead concentration threshold for neurological effects; in children 
of 10 /ig/dL (CDC, 1991). 

Rats exposed to very high levels of lead in their diets showed a statistically increased rate of 
kidney mmors. The mean blood lead concentration for these rats was 78 g/dL. Therefore, it 
is COI icludal that the renal carcinogenic effects of lead are observed at dosages significantiy 
higher thjm the doses that result in neurological effects. 

Man :̂anese 
Manj;£Lnese is a namrally occurring metal found at relatively high concentrations in the earth's 
crust It is also an essential element with an average consumption rate of 10 mg/day (WHO, 
1973;. Among workers occupationaily exposed to high levels of manganese dust and fumes via 
inhal;iuon, the reported effects are primarily in the pulmonary and central nervous systems. 
Effects on the nervous system have included psychiatric disturbances {i.e., excessive weeping, 
laughing, sleep disturbances, irritability) at the onset of exposure, followed by neurological 
symptoms (dysarthria, clumsiness, muscle cramps and tremors). Final stages of manganese 
intO}< legation may include irreversible dystonia and hyperflexion of muscles (Cotzias et al., 1968). 
Chrc nic effects of manganese on the pulmonary system include manganese fume poisoning, lung 
damjige and pneumonia (ACGHI, 1991). 

Toxicity from ingested manganese is rarely observed (USEPA, 1995). However, an 
epidi::miological smdy of manganese in drinking water performed by Kondakis et al. (1989) 
reported dose-dependant neurological effects among a population in Greece. It should be noted 
that be methodology and results of this study have recentiy been questioned by the USEPA 
(Velazquez, pers. comm., 1995). 
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Care inosenic P,AHs 
PAF s. are a group of chemicals that are formed during the incomplete burning of cojd, oil, wood, 
garbage, or other organic substances such as tobacco and charbroiled meat. PAHs can either be 
man made or occur namrally, and most of these chemicals have no known use except in research 
(AT ;DR, ] 993). The primary effect of tiie PAHs tiiat are COIs in tiiis HRA is cancer via tiie 
oral, dermiil and inhalation routes of exposure. Although there is only limited evidence that 
PAHs cause cancer in humans, the carcinogenic PAHs have been shown to cause a significant 
incTii'ijised rate of cancer in animals (USEPA, 1995). All of the PAHs tiiat are COIs have been 
sho\m to cause skin tumors in arumals following dermal exposures (ATSDR, 1993). Of the 
PAIiiiS tiiat are COIs, benzo(a)anthracene, benzo(a)pyrene and dibenz(a,h)anthracene have been 
sho\î n to ciuse cancer via the oral route of exposure in laboratory animals (ATSDR, 1993). Of 
the PAHs that are COIs, only benzo(a)pyrene has been shown to cause cancer in laboratory 
anir lals (ATSDR, 1993). Via the oral and inhalation routes of exposure, increased tumor rates 
of tl le live)- and lung are most frequentiy reported. 
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Physiologically-Baied Models Tor Bone-Seeking Elemenu. 1. Rat Skeleul and Bone Growth. 
O'FLAHERTY, E. J. (1991). Toxicol. Appl. Pharmacol. 111. 299-312. A review of features of 
bone structure and bone growth critical to the development of a physiologically based model of 
the whole-body kinetics of bone-seeiung elements is presented. Allometnc equauons describing 
the volume and weight of the bone, bone marrow, and skeleton during grt>wth of the rat irom 
birth to maturity are derived. Weights of body calcium and bone ash are also expressed allometncally 
as funcuons of body weight during growth. The simplicity of these functions will allow them to 
form the basis of a flexible model of the movement of bone-seeking elements m and out of tone. 
Blood flow rates to bone and bone marrow are incorporated into the model of the mature skeletoiL 
The predictions of the skeletal growth model are in good agreement with measured quantities of 
bone, skeletal ash. and calcium in growing tats, o m i Acadou Pnm lac 

'CVS- Physiologically based kinetic (PBK) models 
are enjoying broad acceptance in toxicology 
and risk assessment practice. Because these 
models are based on aaual organ and tissue 
volume, blood flows, and alveolar ventilation 
rates, and where possible incorporate experi-
menxaily derivea metabolic parameters as well. 
they are especially well adapted to applications 
requiring conversion of effective dose across 
speaes or from one route of exposure to an
other (Andersen ei al.. 1987). 

To date. PBK. models have been developed 
for a variety of chemicals with relatively short 
residence times in the body. Over shon time 
periods, the physiological and biochemical 

' This work was supported by VS. Public Health Service 
Grant ES04123. Portions of it were presented at the Sev
enteenth Conference on Toxicology cosponsored by the 
U 5 . Air Force Armstrong Aerospace Medical Research 
Uiboratory and the U.S. Naval Medical Research Institute. 
November 1987 (OFlaheny, 1988). 

parameters that define the model are constant 
For toxicants that persist in the body for ex
tended periods, inclusion in the PBK model 
of growth and maturation dependence of 
physiological and biochemical functions will 
be required. 

One class of agents with extended residence 
times in the body is the bone-seeking elements, 
for which whole-body kinetic behavior is de
termined largely by the balance among excre
tion, bone uptake, and release from bone. This 
group includes lead, radium, strontium, ura
nium, barium, and aluminum, among others. 
While these elements may enter the bone by 
different mechanisms, once incorporated into 
the crystalline bone matrix they can be re
tained for extended periods, and in some cases 
act to alter bone tissue or growth rate (Talwar 
et al.. 1986; Shukla ei aL. 1989). If present in 
the bone as radionuclides, they can provide a 
continuous local source of radioactivity. £>e-
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pendence of the kinetics of bone-seeking ele
ments on the characteristics of bone and bone 
growth requires a better understanding of the 
relationship of skeletal composition and me
tabolism to age and body size. 

The purposes of this paper are to review 
those features of bone stniaure and bone 
growth that are crucial to development of a 
PBK model for bone-seeking elements. 
Expressions are devised that describe bone 
growth and blood flow rate to bone within a 
framework that is adaptable to simulation of 
the kinetics of bone-seeking elements, and an 
explicit model of skeletal and bone growth is 
developed for the rat. 

During the search of the literature for the 
experimental observations on which this 
model is based, no attempt was made to be 
exhaustive. Rather, data were selected from 
representative, well-designed and carefully 
performed studies whose conclusions are in
ternally consistent and also consistent with the 
results of comparable studies performed by 
other investigators. Quality, thoroughness, and 
appropriateness of the studies from which the 
data are drawn have been the criteria for se
lection. Isolated observations have been given 
less-weight than series of observations showing, 
for example, age or weight dependence; and 
observations made incidental to other pur
poses have been given less weight than data 
from studies whgse specific purposes were to 
define the skeleton, its tissue components, or 
\ts blood flows. A degree of subjectivity is in
evitable. It is hoped that it has been minimized 
by imposition of the demand made of all 
models: that they unif>' a broad range of ob
servations and illuminate systematic interre
lationships. 

METHODS AND RESULTS 

The skeleton can be deiinediii terms of two 
companments: marrow- and cartilage-free 
bone, and marrow-vascular tissue. Marrow-
and canilage-free bone consists of four chem
ical fractions: water, volatile inorganic mate

rial, organic material, and ash. Dry manow-
and cartilage-free bone will be considered tc 
be made up of the organic and ash fractions. 
"Skeletal tissue" will always include manow. 
as vnli "whole tx>ne," whidi may refer to a 
subunit of the skeleton, as in "cortical and tra
becular whole b<}ne." 

Cortical and Trabecular Bone 

Bone is a heterogeneous tissue. This heter
ogeneity complicates efforu to model the skel
eton as a limited number of discrete com
partments. Some simplifications are possible, 
however. Four distinct bone surfaces, which 
respond differently to physiologic and endo-
crinologic modulation, are recognized. These 
are the trabecular, cortical, endosteal, and 
periosteal surfaces, of which trabecular and 
conical surfaces together account for virtually 
all of the bone surface. 

Division of the skeleton into cortical and 
trabecular whole bone fractions is based on 
porosity. Cortical bone is compaa and dense, 
wiih only 5-30% of its volume occupied by 
marrow and vascular space. It is found in the 
shafts of the long bones and at the outer sur
faces of many bones, such as ribs and verte
brae, whose interior consists of trabecular 
bone. The areas where blood or a superfusate 
of blood comes into direct contaa with cortical 
bone are the endosteal (inner) and periosteal 
(outer) surfaces of the shafts of the long bones: 
the surfaces of the haversian canals that chan
nel blood vessels through bone; the surfaces 
of the lacunae that house the bone cells, or 
osteocytes: and the surfaces of the canalicules 
that originate from lacunar and other surfaces 
to penetrate and perfuse bulk bone tissue. In 
general, surface-to-volume ratios in human 
cortical bone are: for the endosteal or perios
teal surface. 5-7 cm'/cm''; for the total haver
sian canal surface. 20-30 cra^/cm^ (Beddoe. 
1977); for the touil osteocytc lacunar surfacre. 
240 cm-/cm^; and for the total canalicular 
surface. 2250 cmVcm^ (Frost, 1962). In ma
ture rats, the surface-to-volume ratio for end-
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osteal and pen osteal surfaces taken together is 
^ '0 cm-/ciii^ (Soritag, 1986 a.b). 
' HI rabecula: whole bone consists of an intri

cate network of leaves and struts of marrow-
free bone su rounding small communicating 
pockets of narrow-vascular space. It has a 
porosity of from 30% to greater than 90% 
(Caner and liayes, 1977). Few haversian ca
nals are fouml in traliecular bone, presumably 
because the I caves and plates of bone tissue 
are sufficien: ly thin that their meubolic de
mands can b<: met by contact with blood ves
sels at the trabeailar bone surfaces. Surface-
to-volume nitios in trabecular bone are very 
variable. der>ending as they do on local bone 
struaure. Va :ues from 100-300 cm-/cm^ have 
been recorded (see, f 3r example, Beddoe et al., 
1976). 

Although examples of the two principal 
categoncs of skeletal tissue may be struaurally 
distinct, ihe t is not a sharp distinction be
tween the p. i:/sicochcmical charaaeristics of 
marrow-free trabecular bone and those of 
marrow-free cortical bone. In fact, mineralized 
bone tissue 'without marrow spaces or other 
porosities is strikingly consistent both in dif-
f" "nt types of bone and across species. 

ifcving m.irrow-free bone consists of water, 
volatile inorganic material, and organic ma
terials—prir cipally collagen, but including a 
variety of cijmplex. functionally specialized 
chemicals—n addition to the nonvolatile in
organic mat:'.nal or ;ish. In general, bone den
sity and the amount of ash per unit volume 
of bone are ilightly higher in cortical marrow-
free bone ih:iri in traoecular marrow-free bone. 
The diSerer.ce. however, is not sufficiently 
large tc reqi i:re consideration in modeUng the 
skeleton. Tie volume of organic material per 
unit vnium:: of bo.ie is nearly the same in 
marrow-fre« corticil and trabecular bone. 
Most of the small difference in ash content is 
matched by a difference in water content Ta
ble I. uiker from (}ong et al. (1964b), illus
trates these points. Mean ash contents in the 
four species examined ate 0.373 cm^/cm^ of 
corneal mairow-frec bone and 0.332 cm^/cm^ 
of trabecujj.r marr(3w-free bone. Tliis differ

ence is fully compensated by the mean differ
ence in water contents: 0.238 cm^/cm^ of cor
tical marrow-free bone and 0.278 cm^/cm^ of 
trabecular marrow-free bone. The corre
sponding mean organic fractions, 0.344 cm^/ 
cm^ and 0.349 cmVcm^ arc essentially the 
same. 

Based on the dau in Table 1, both mature 
cortical and mature trabecular marrow-free 
bone may be considered to be made up of 70% 
dry bone, 25.5% water, and 4.5% volatile in
organic fractions by volume, with densities of 
2.28 g/cm^ for dry bone and 1.92 g/cm^ for 
hydrated marrow-free bone (Table 2). The 
amount of ash in this bone model is 68.1% by 
weight of marrow-free dry bone or 56.4% by 
weight of hydrated marrow-free bone. 

The rule of thumb that the skeleton consists 
of 80% cortical bone and 207o trabecular bone 
is based on two studies, one in a single dog 
(Gong et al.. 1964a) and one in humans 
(Johnson, 1964). In the absence of observa
tions to the contrary, this fractional assignment 
of bone structure in the skeleton is here taken 
to apply to the rat as well as to the species in 
which it has been studied directly. 

The Mature Skeleton 

Direa measurements of both marrow-free 
bone mass and marrow mass have been carried 
out, for single bones and for the entire skele
ton, in several small animal species. Only lim
ited data are available for the rat. MacPherson 
and Tothill (1978) reported a fat-free wet bone 
weight in 20 male rats of 4.77 ± 0.17% of body 
weight Caster et aL (1956), in a series of dis
sections with manual cleaning of the bones of 
22 adult rats, recorded a mean skeleul weight 
of 5.8% of body weight and a fat-free dry bone 
weight of 3.4% of body weight Fairman and 
Corner (1934) used a marrow replacement 
technique to obtain a mean fat-free dry bone 
weight of 3.0 ± 0.4% of body weight and mean 
marrow weight of 3.0 ± .2% of body weight 
in 4 adult rats. Studies in other small animal 
species (Hudson, 1958, 1960a,b; Nye, 1931; 

' * i » . ' 
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TABLE I 

VOLUMES. WEioirn. AND DENsmES OF MARROW.FREE BONE AND rrs FRACHONS 

Trabecular bone 
Steer 

Doc 
Monkey 
Human 

Cortical Bone 
Steer 

Do« 
Monkey 
Human 

Trabecular bone 
Steer 
Dog 
Monkey 
Human 

Cortical bone 
Steer 
Dog 
Monkey 
Human 

» ' 

Trabecular bone 
Stetr 
Dog 
Monkey 
Human 

Cortical bone 
Steer 
Dog 
Monkey 
Human 

Water 

0.281 
0.288 
0J71 
0 J 7 0 

02S2 
0.223 
0 J37 
0 J39 

0.281 
0.292 
0.271 
0.270 

0.252 
0.223 
0 J39 
0 J37 

1.00 
1.00 

.. 1.00 
1.00 

1.00 
1.00 
1.00 
1.00 

Orgamc 

Volume. 

0.342 
0 J 4 5 
0J61 
0 J 4 9 

0 J 3 6 
0 J 6 3 
0 J 3 7 
OJ38 

Volatile 
inorgamc 

cm^/cm^ marrow 

0.042 
0.042 
0.040 
0.042 

0.046 
0.046 
0.047 
0.046 

Ash 

•free bone 

0.335 
0.326 
0.329 
0.339 

0.366 
0.368 
0.382 
0.377 

Weight, g/cm' marrow-free bone 

0.514 
0JO7 
0J14 
0.497 

0.486 
0 J 1 9 
0.487 
0.476 

1.503 
1.470 
1.424 
1.424 

1.446 
1.430 
1.445 
1.408 

0.072 
0.070 
0.068 
0.071 

0.078 
0.078 
0.081 
0.078 

Density, g/cm^ 

1.71 
1.67 
1.70 
1.69 

1.70 
1.70 
1.72 
1.70 

1.067 
1.049 
I.OIl 
1.076 

1.178 
1.175 
1.228 
1.182 

3.185 
3.218 
3.073 
3.174 

3.218 
3.193 
3.215 
3.135 

Ash-t-

0.677 
0.671 
0.690 
0.688 

0.702 
0.731 
0.719 
0.715 

1.581 
1.556 
1.523 
1.573 

1.664 
1.694 
1.715 
1.658 

L335 
2 J I 9 
2.210 
2.286 

2.370 
2.317 
:.385 
; .3l9 

Marrow-free 
bone 

1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 

1.934 
1.918 
1.864 
1.914 

1.994 
1.995 
2.035 
1.973 

1.934 
1.918 
1.864 
I.9I4 

1.994 

1.995 
2.035 
1.973 

S'oie. From Gong et al. (1964b). 
* Marrow-free dry bone. 

Dietz, 1944) suggest that marrow mass av
erages about 2.3% and marrow-free dry bone 
mass about 3.5% of adult body weight. The 
model of the mature small animal skeleton 
in Table 3 consists of a marrow-free bone 
weight of 5.0% of body weight (marrow-free 
dry bone weight of 4.1% of body weight). 

which is consistent with measurement; of 
total skeletal ash; see discussion of the grow
ing skeleton, below. This model of the ma
ture small animal skeleton is 53.1% marrow-
free bone and 46.9% marrow-vascular 
space by volume. Mean skeletal density is 
1.47 g/cm^ 
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TABLE 2 

^^ EKJH13. VOLUMES, AND DENSTTIES OF MATURE BONE AND ITS FRACTIONS 

• i . >• 

unty, g/cra' 
ume fraction, cm '/cm' 
-lanrow-free bone' 
ight fraction, g/g 
nairow-free boiK 
ight fraction, g/g 
narrow-free dry tone 

Witer 

1.00* 

0.255 

0.132 

— 

Orgaaic 

1.45* 

0.35 

0.264 

0.319 

Bone 

Volatile 
inoigamc 

1.7-

0.045 

0.040 

— 

Ash 

3.1* 

0.35 

0 J 6 4 

0.681 

Ash + 
oi^amc 

2.28 

0.70 

0.828 

1.0 

Marrow-free 
bone 

1.92 

1.0 

1.0 

See Table I for 'alues. 

Marrow may t>e either red (hematopoietic) 
yellow (fatty) Essentially all the bone mar-

iw of mammalian newborns is red. With age, 
d marrow in (he disui skeleton is replaced 
I some extent by yellow marrow, although 
illow marrow may become hematopoieti-
aily active again in response to demand for 
nhanccd hem:)5lobin synthesis. Small ani-
"lals in general have relatively more red mar-
ow than do hu mans. Gross inspection of the 
:on^ indicate; that yellow marrow in adult 
aL̂  ^ and gui;nea pig.s is confined to the-tiil 
ind to distal pc rtions cf the hmbs (Nye, 1931; 
-ludson, 1958 1960b), and many estimates 
3f the relative z mounts of red and yellow mar
row in small ;mimals are based on the as
sumption that ':his distribution holds across 
species. Hudscn.( 1958. 1960b) estimated that 
red marrow v. is 88-89% of total marrow in 
guinea p:gs, oi about 2Tc of body weight 

The Growing Skeleton 

The skeleton of the fetus and newborn is 
incompletely mineralized, large pans consist
ing of cartilage having a density considerably 
less than that of fully mineralized bone. Min
eralization begins during gestation and con
tinues after birth. The amount of calcium in 
the body rises rapidly after birth and steadily 
throughout the period of continuing body 
growth, tending to stabilize around the time 
of sexual maturity. At this time, chemical de
velopment and growth of bones are almost 
complete, although male rats may continue to 
show increasing total body calcium concen-
tratioi;^ as they continue to grow (Sherman 
and MacLeod, 1925; Widdowson and Dick-
erson, 1964). Mineralization is refleaed in an 
increase in skeletal density and in shifts among 
the volume and weight fractions of the skele-

TABLE3 

THE h'.ATURE SMALL A.NIMAL SKELETON. DEFINED AS MARROW-FREE BONE PLUS MARROW 

WeigiiLg/lOOgbodvMi 
Volume, c:nVlO'D g body M 
Densiiy. & cm^ 
Weight, g/i($kd«or 
Volume, c Ti^/cm' siveicton 

Marrow-free 
bone 

5.00 
2.60 
1.92 
0.685 
0.531 

Marrow 

2J0 
2.30 
1.00 
0.315 
0.469 

Skeleton (without 
cartilage) 

7.30 
4.90 
1.47 

— 
— 

\ ^^ 



304 ELLEN J. O'FLAHERTY 

ton assignable to skeletal components such as 
volatile and nonvolatile inorganic constitu
ents, water, cartilage and other organic con
stituents of bone, and bone marrow. 

The model of the growing skeleton of the 
rat is constructed from an allometric equation 
giving whole-body (equivalent to skeletal) ash 
as a function of body weight, together with 
direa measurements of the weight of the or
ganic plus volatile inorganic fraction of the 
growing rat humerus. Allometric relationships 
are based on the principle that anatomic and 
physiologic charaaeristics tend to change in a 
regular fashion as body size changes. Specifi
cally, the allometric equation has the general 
form 

where y is the dependent variable (in this case, 
skeletal ash), x is the independent variable 
(body weight), and a and b are constants. 
When plotted in a logarithmic coordinate sys
tem, the allometric equation is a straight line 
Nviih slope b. It has been found to describe the 
behavior of many growth-related biological 
variables. 

Skd'etal ash has been measured directly in 
some studies, but here it is estimated from 
combined measurements of whole-body cal
cium content and the amount of calcium 
present in skelet^ ash. The whole-body cal
cium of the rat is dependent on the amount 
of calcium in the diet and the amount of cal
cium in the body follows body weight more 
closely than it does age. Sherman and 
MacLeod (1925) found that total body calcium 
increased as the 1.23 power of body weight in 
male rats from birth to 340 g and as the 1.28 
power of body weight in female rats followed 
to 230 g. Body calcium was 1.05 g Ca/100 g 
body wt in adult male rats and as much as 1.2 
g Ca/100 g body wt in aduh female rats that 
had not reared young. Widdowson and Dick-
erson (1964), in a tabulation of dau from a 
number of species, concluded that the calcium 
content of the adult rat was about 1.2 g Ca/ 
100 g body wt. 

TABLE 4 

THE DEPENDENCE OF THE GROWING RAT SKELETON 

AND ITS FRACTIONS ON BODY WEIGHT 

Skeletal weight, g - 0.0801 (body wt, g"̂ *") 
Marrow weight, g - 0.0469 (body wt, g°^) 
Marrow-free bone weighu g - 0.0373 (body wt, g"») 
Marrow-free drv bone wetghu g • 0.0257 (body wt, 

g''«) 
Ash weight, g - 0.0114 (body wt. g'") 
Marrow-free bone voiume. cm' •• 0.0252 (bodv wt, 

Skeleul calcium, g - 0.002 (body wt, g'-* 

The allometric equation (Table 4) for 
whole-body calcium as a function of body 
weight in the rat represents an increase as the 
1.30 power of body weight during growth to 
a value of about 1.05 g <Za/l00.g body wt in 
young adulthood. According to this equation. 
the body of the 5-g newborn rat would contain 
0.15 g calcium, or 0.3 g Ca/100 g body wt. 
Sherman and MacLeod (1925) reponed 0.23 
g Ca/100 g newborn body wt; Widdowson and 
Dickerson (1964). 0.3 g Ca/100 g; and recent 
data from this laboratory (Hamilton, J.D. and 
O'Flaherty, E J., unpublished) give a mean of 
0.236 g Ca/100 g body wt in 15 Day-21 fetuses 
each from a different litter, maintained on a 
diet adequately but not excessively provided 
with essential nutrients. 

Over 99% of total body calcium in the adult 
is in the bone. Consistent with the consuncy 
of chemical composition of mature bone 
across species, the calcium content of mature 
bone is essentially the same across species 
(Morgulis, 1931). Careful studies of rat and 
human bone suggest that the calcium content 
of mature bone ash is close to 0.39 g Ca/100 
g ash (Hammett 1925: Mitchell et al., 1945: 
Forbes ei al.. 1953, 1956). Skeletal ash of the 
newborn rat contains less calcium. The degire 
of calcification of newborn rat bone is dep«:n-
dent on the quality of maternal nutrition. It 
probably is also dependent on other faaois 
affeaing the growth of the fettis, such as litter 
size. Pickering et al. (1956) found 0.2 (range 
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99-0.213) g 
m male Wis 
;d" '"'•om this 
Z. ^ ikcletal 
ps on Day 21 
These values 
: amount of c 
ggest that ske 
)dy wt in the 
)dy wt in the y 
uation for as 
'imates. It giv< 
: at birth and 
)dy weight of 
)mpared to a I 
rements of rai 
a/.(1956)det 
inned and ev 
: age 75 days 
;e ash conten 
3m age 23 da 
)lute-asn conv 
Its in these oic 
f the data sets 
:eletal asn hat 
vecn the valui 
f the mature 
J be 2.83 g/lO 
ol the dat 
'able 4 also gi 
0 days that is 
irth and at m; 
n their scnes 
-sh weight of a 
viscerated car 
rom this labor 
he 15 rat letu 
00 g body v,n 

.keletai ash, be 
ritional statu; 
1965) showed 
)f the diet afii 
•ats. 

Hammcn (1 
-veigfat of the 
fraction of the 
150 days of ag 
oiineralizatior 

;:a/g skeletal ash in 20 new-
jiii rats In the unpublished 
laboraton', 0.159 (SD 0.008) 
a.sh was measured in 15 rat 
of gestiuon.. 
for whole-body calcium and 
alcium present in skeletal ash 
ctal ash is about 1.5 g/100 g 
newborn rat and 2.7 g/100 g 
3ung adult rat The allometric 
11 (Tabli: 4) is based on these 
s 1.5 gskeletal ash/lOOg body 
2.9 g a:->h/100 g body wt at a 
150 g. lliese estimates can be 
imited number of direa mea-
sikelctal ash weights. Pickering 
iinninecl the ash content of the 
i!£erated rat body from age 1 
Hammett (1925) determined 

i; of the femur and humerus 
vs to age .150 days. While ab-
;:nts of the bones of the young 
icr studies are low, inspection 
suggests that by age 20 days, 

:i reached a point halfway be-
;: at binh and the ash content 
ikeleton. which was estimated 
;) g body wt by fining a hyper-* 
ll. The allometnc equation in 
'/CS a skeletal ash value at age 
midwa> between the values at 
kturity. Pickering et al. (1956), 
:)f 20 newborn rats, found an 
:>out 1 g ash/100 g skinned and 
::iss. In the unpublished study 
itory. the mean ash content of 
.<:s was founc to be 1.7 g ash/ 
. Like the calcium content of 
dy ash content reflects the nu-
of the rat EI-Maraghi et al. 
that ev:n the calcium content 
crts tot2i bone ash in growing 

925) determined the fractional 
:)rganic plus volatile inorganic 
humerus of the rat from 23-
. Hammett!. dau show that as 
i:roceeiis. mineral replaces wa

ter while the relative amount of organic plus 
volatile inorganic material is very neariy con
stant This constancy of the organic fraction 
of bone is a feature of bone growth in all spe
cies. It has been remarked by a number of au
thors (see, for example, Mueller et al., 1966). 
Thus, the growing rat skeleton can be con
structed by working back from the model of 
the mature skeleton (Table 3), using the al
lometric equation for ash weight (Table 4) and 
assuming that mineralization has proceeded 
through displacement of water by an equal 
volume of mineral having three times the 
weight ofthe displaced water (Robinson, 1975; 
Table 2). 

The constructed growing skeleton and its 
fractions are described by a set of allometric 
equations relating weights or volumes to body 
weight These equations are given in Table 4. 
In Fig. 1, the simulated weights of bone, mar
row, and skeleton are plotted as funaions of 
body weight 

Growth and maturation are reflected in a 
change not only in the relative amount but 
also in the nature ofthe bone marrow. As dis
cussed above, essentially all marrow in the 
newborn is hematopoietic or red. In small an
imals, 90% by weight of total bone marrow in 
the adult is red marrow. The difference be
tween the relative amount of red marrow in 
the newborn and the adult is so slight that a 

to . 
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.10 
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< ^ ^ " ^ 
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50 100 
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FIG. 1. Simulated skeletal, marrow-free bone, and bone 
marrow weights m rats as functions of body weight. 
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linear decline from 100% red marrow by 
weight in the newborn to 90% red marrow by 
weight in the adult should adequately describe 
companmentalization of total bone marrow 
in the rat 

Blood Flow to Bone 

Circulation of blood to bone has been mea-
stired by a variety of techniques including di
rect cannulation, plethysmography, and either 
fractional distribution or clearance of various 
bone-seeking markers. The fractional distri
bution and clearance techniques give estimates 
that are less than actual bone perfusion rates 
if extraaion of tracer is assumed to be com
plete when it is not It has been shown that 
extraction of many commonly used tracers by 
rat bone is not only incomplete but is depen
dent on bone blood flow within the physio
logical flow range (Schoutens et al.. 1979; To
thill and Hooper, 1984). Because bone blood 
flow is regionally variable, fractional extraction 
is regionally variable as well (Tothill et al., 
1985). Consequently, a radiolabeled micro
sphere method has largely supplanted other 
techniques for measurement of bone blood 
flow (Gross « a/.. 1981). 

When certain experimental restrictions are 
met (Buckberg ei ai.. 1971), the microsphere 
method is accurate. It allows measurement of 
blood flow to individual bone regions in un-
anesthetized animals. Measurements of bone 
blood flow with the microsphere technique 
have established that the magnitude of bone 
blood flow IS much larger than it was previ
ously believed to be and that it is variable from 
bone to bone and from region to region within 
a single bone. In general, blood flow rate is 
lowest to cortical bone and highest to trabec
ular bone and hematopoietic marrow. Table 
5 gives bone blood flow rates to different re
gions of rat bone as measured with the radio
labeled microsphere technique. These studies 
were generally direaed at defining the range 
of regional variability of bone blood flow, and 
did not consider total bone blood flow. One 

group of studies (Tothill and McCormick. 
1976; MacPherson and TothilL 1978), in 
which total skeletal blood flow was measured 
in rats by estimating the radioactivity of the 
whole skeleton, gave an estimate of 3% of car
diac output 

Measurements of blood flow to bone mar
row in rats were not found. Measurements of 
blood flow to bone marrow in dogs, using the 
radiolabeled microsphere technique, suggest 
that flow rate to hematopoietic marrow is 
around 35 ml/min/100 g tissue, while to yel
low marrow it is only about 10 ml/min/lOO g 
tissue (Gross et aL 1979; Light et al.. 1984: 
Tothill et al.. 1985). Based on the flow rates 
in Table 5, a reasonable estimate of blood flow 
rate to trabecular bone is 35 ml/min/lOO g 
and to conical bone, 5 ml/min/100 g. From 
these estimates, companmentalization of the 
skeleton as in Table 3, further companmen
talization of bone as 80% by weight conical 
and 20% trabecular, and further compan
mentalization of marrow as 90% by weight red 
and 10% yellow, the skeleton of the mature 
rat can be modeled together with its blood 
nov« (Table 6). 

Several kinds of observations suggest that 
bone blood flow rate is proportional to the rate 
of deposition of new bone. Bone blood flow 
is correlated with remodeling activity in adult 
dogs (Sim and Kelly, 1970) and regional bone 
blood flow with osteoblast activity in the rabbit 
tibia (Whiteside et al.. 1977). Blood flov/ to 
immature, growing bone is greater than blood 
flow to mature bone (Whiteside et at.. 1977: 
Niv and Hungerford. 1979). 

Schnitzer « ai. (1982) conduaed a detailed 
study of blood flow to different regions of the 
tibia and femur of neonatal (4-5 days old), 
immature (4 months old), and mature (more 
than 2 years old) dogs of different breeds and 
both sexes. Lee et al. (1965) studied regional 
bone formation rates in a 3-4 month-old 
puppy and a mature dog. It is useful to com
pare their bone formation rate and regional 
blood flow rate data. Figure 2 is a plot of blood 
flow rate vs bone formation rate for whole tib-
ias and for proximal, mediaL and distal shafts 
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TABLE 5 

Bux)D FLOW RATES, OBTAINED USING RADIOLABELED MICROSPHERES. 
TO MARROW-FREE BONES AND BONE REGIONS 

Reference 

j f 

•.af 

Tissue 

Femur 
1 otal tibia 
1 ibial epiphyses 
Femoral shaft 
Femoral epiphyses 
llbia and fibula 
Fore and hind paws 
Humeri 
F'.adii and ulnae 
FJbs 
Scapulae 
Fdvis 
Skull 
Jaw 
Cervical spine 
Thoraac spine 
Lumbar spine 
Sacnim 
Tail 

Rowiaie. 
ml/min/100 g tissue 

1 3 * 5 
U ± 4 
I5± 8 
12 ± 6 
9 ± 2 
5 ± 2 
4 ± 2 

14 ± 6 
21 ± 11 
• 6 ± 2 
20 ± 17 
9 ± 3 

15 ± 11 
4 ± 4 

41 ± 12 
17 ± 9 
2 3 * 7 
28 ± 12 
5 * 3 

SctKMitens et al.. 1979 

Tothill and McCormick, 1976 

* Cardiac output :s calculai.ed for a 450-g rat as 

(450 f°" \ 
- j ^ ) ( 2 3 0 m l / m . „ ) . 

her̂  '''̂ 0 ml/min is the reference flow rate in a l-k| atiimaL The plasma flow rates given by Schoutens et al. were 
i]i .0 Dlood ilow issurning a hematocrit of 25% in whole bone and 20% in tibial epiphyses (Tondevold and 
liase.ll 19821 
^ A mean test animal body weight of 450 g was assumed. The experimental range was given as 4(X)-5(X) g. 

)f the femurs. F anges aie shown for blood flow 
ate where a sin ;,le value was not given or could 
lot be estimated. The accretion rates given by 

Lee et al. for proximal and distal femur ends 
are not included, since flow rates are so tre
mendously variable within these regions. With 

TABLE 6 

Tilt; MATL'KE SKELETON OFTHE 350-g MALE RAT. INCORPORATING BLOOD FLOW 

Tissue 

^ed marrow 
rrabecular pone 
Cortical bore 
Vellow marrow 
Total 

Weight, "x of 
30dy wei 

2.1 
1.0 
4.0 
0.2 
7.3 

ght Weight g 

6.30 
3.00 

12.0 
0.60 

21.9 

Perfiision raK, 
ml/min/g 

of fraction waght 

0.35 
0.35 
0.05 
0.10 

Perfiision rate. 
ml/min 

2.21 
1.05 
0.60 
0.06 
3.92 

http://liase.ll
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FIG. 2. Correlation of bone accretion rate and bone 
blood flow rate in matched regions of bone from dogs of 
different ages. Accretion rates from Lee <r a/. (1965). Blood 
flow rates from Schnitzer et al. (1982). 

the exception ofthe proximal shaft ofthe ma
ture femur (the 8-12 ml/min/100 g blood flow 
rate range), accretion rate and blood flow rate 
are closelv correlated. 

DISCUSSION 

This skeletal growth model can be com
pared'to aaual growth measurements of sev
eral different kinds. A detailed examination of 
the ash weights of bones of 225 Rochester 
(Wistar-derived) rats, 15-170 days old (Weikel 
et aL. 1955), gave a log-log plot of bone ash 
weight vs body weight with a slope of 1.2-1.3 
for most bones, the precise value being depen
dent on the type of bone. These results dupli
cated and extended an earlier observation of 
Zucker and Zucker (1946) on femoral growth 
rate in over 1000 rats, 2-750 days old. Figure 
1 illustrates the model relationship for skeletal 
ash weight and body weight The slope of the 
line is 1.17 (Table 4). 

Hudson (1958), in a detailed and thorough 
series of measurements of guinea pig marrow 
volumes and marrow-free bone weights, found 
that marrow volume increased approximately 
as the 0.5 power of body weight, while marrow-
free bone weight was proportional to the 1.045 
power of body weight These two measures— 
marrow volume and marrow-free bone weight 

as they are predicted by the model—are also 
plotted in Fig. 1. Predicted marrow volume is 
proportional to body weight to the 0.87 power, 
and predicted marrow-free bone weight to 
body weight to the 1.06 power. These expo
nents are similar to the values obtained by 
Hudson despite the species difference. 

A comparison of model calcium concentra
tions in the growing rat with data from a num
ber of investigators is given in Table 7. The 
diets used in these studies ranged from con
trolled, semipurified diets to mixtures of nat
ural foodstufl's, but all were judged to be sup
portive of normal growth in rats. The vari
ability in body calcium content across studies 
is readily apparent The predictions of the 
model tend to lie below observed values for 
the dense long bones, but compare well with 
whole-body and whole-skeletal measurements. 

A common generalization is that di7 mar
row-free bone contains 0.25 g calcium/g. 
Dickerson (1962) found 0.254 g calcium/g dr.-
marrow-free femoral conex from 33-day-old 
rats, and Bumell et aL (1983) found 0.254 g 
calcium/g dry marrow-free tibia/fibula mid
shaft in l54~day-old rats. According to the 
mature bone model of Table 2,0.25 g caldum/ 
g dry marrow-free bone would be equivalent 
to 0.21 g caldum/g hydrated marrow-free 
bone, or 0.40 g calcium/cm^ of marrow-free 
bone having a density of 1.92 g/cm-*. Rowland 
et aL (1959) used a microradiographic tech
nique to determine calcium densities in mi
croscopic volumes of bone, containing no 
cavities larger than canalicules, from a single 
rat They recorded a low of 0.56-0.57 g/cm-
and a high of 0.68 g/cm^. They also examined 
bones from several other species, noang that 
rat bones had the highest mineral density: 
other values., also in single representatives of 
each speciej; except humaixs, ranged from 
0.36-0.62 g.'cm-'. The values they reported 
suggest that the calcium content of marrow-
free rat bone could actually be as high iis 0.29-
0.35 g calcium/g in dense bone regions with 
virtually no non-bone volume and that there 
may be slight species differences in bone den
sity. The model of mature rat bone presented 
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TABLE 7 

3Ml>, JN OF PB EDICTED AND OBSERVED C A L Q U M COKTOfTS OF RATS OF DiFFEREKT AGES AND WEKJKTS 

(days) 

23 
30 
50 
65 
75 

100 
150 

29 
61 
90 

118 
188 
28 
60 • 
90 

ISO 
365 

1 
21 
2* 
3.|| |p, 
45 
75 

I 
21 
25 
32 
45 
75 

— 

28 
56 
98 

154 

Wdgiil (j;) 

2 7 J ± C . 6 
4 U ± C . 8 
74.5*1.8 

1 2 0 . 8 * : . ! 
133.2 * : . 2 
162J ± '..6 
244.3 * «i.9 

46 
138 
222 
253 
304 
40.3 

116.6 
172.5 
282J 
320.6 

5.8 
25 
27 
60 
85 

190 

5.It 
25 
27 
60 
85 

190 

450-iOO 

85 
206 
394 
:52l 

Calcium content 

Observed 

Bone ash. g/g 

OJ59 
0 J 6 8 
0 J 6 8 
0 J 7 3 
0 J 7 2 
0 J 7 4 
0J75 

Whole body, g 

0.311 
1.023 
2.013 
2J17 
3.132 
0.385 
1.128 
1.765 
3.137 
3.839 
0.012 
0.14 
0.20 
0.44 

0.71 
1.71 

Bone ash. g/g 

0.21 
0.27 
0.29 

— 
0.32 
0.33 

Predicted 

0 J 6 9 
0.284 
0JO7 
0 J 2 7 
0.331 
0.340 
0 J S 8 

0^90 
1.210 
2 J 4 5 
2.730 
3.379 
0.244 
0.972 
1.618 
3.067 
3.621 
0.020 
0.13 
0.14 
0.41 
0.64 
1.83 

0.-22 
0.27 
0.27 
0.30 
0.31 
0.35 

Fat-free bone, g/g 

0.272 0.232-0.238 

0.201 
0.226 
0.248 
0.254 

0.156 
0.192 
0.225 
0.241 

Reference 

Hammen (1925) (Humerus) 

Sherman and Maclxod 
(1925) 

Lanford and Sherman 
(1938) 

Pickering e« a/. (1956) 

PickenngflflA (1956) 
(Total skeleton) 

McO en d o n w a / . (1962) 
(Femur) 

Bumell « a/. (1980) 
(1 ibia/fibula midshaft) 
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here contains 0.255 g caldum/g of dry mar
row-free bone. 

The mean density of the mature skeletal 
model of Table 3 is 1.47 g/cm^. Jankovich 
(1971) recorded densities of about 1.5 g/cm^ 
for whole tibias from 280-day-old rats. The 
densities of femurs from the same rats were 
lower, clustering around 1.35 g/cm^. 

Total blood flow in the mature rat skeletal 
model (Table 6) is 17.9 ml/min/100 g skeletal 
tissue including bone marrow, or 2.8% of the 
total cardiac output of 139 ml/min in a rat of 
this size. This estimate compares well with 
those of Tothill and McCormick (1976) (3.1%) 
and MacPherson and Tothill (1978) (3%) for 
the rat 

According to the model in Table 6, about 
58% of the total blood flow to the skeleton 
reaches bone marrow before it has the oppor
tunity to perfuse bone. The remaining 42% of 
bone blood flow goes directly to mineralized 
bone tissues. These estimates are reasonably 
consistent with data of Wootton (1974) for 
rabbit tibia and femur. When marrow was 
separated firom a femur that had been perfused 
with radiolabeled micropanicles, about 40% 
of the trapped particles were removed with the 
marrow (30% in the tibia). Since the tissues 
were separated manually, some inaccessible 
trabecular marrow probably remained with the 
bone. Further, the femur and tibia presumably 
contain relatively more yellow marrow than 
does the skeleton as a whole, so that blood 
flows to femoral and tibial marrow would be 
ext)eaed to be less than the average marrow 
perfusion rates in Table 6. Shim et aL (1968) 
concluded that the nutrient anery, which goes 
principally to the marrow with some branch
ing to conical bone, is normally responsible 
for about 50% ofthe blood supply to the rabbit 
femur. Metaphyseal aneries, which are re
sponsible for a portion ofthe total blood sup
ply to metaphyseal trabecular bone and mar
row, traverse relatively more bone before they 
reach marrow spaces. 

Once maturity is reached and the skeleton 
has subilized, it appears likely that skeletal 
blood flow stabilizes also, although it continues 

to be capable of responding to local or regional 
demands for inaeased flow. Blood flow to 
specific bones may diminish with age. Hruza 
and Wachtlova (1969) observed that aging in 
both male and female rats was associated with 
diminution of blood flow to tibia and parietal 
bone, and MacPherson and Tothill (1978) also 
found that blood flow to certain bones dimin
ished with age in male rats weighing 200-615 
g. Nonetheless, MacPherson and Tothill 
(1978) observed no age-related change in the 
fraction of cardiac output going to the skele
ton: total skeletal, blood flow remained con
stant at 3.03 ± 0.21% of cardiac output 

Blood flow rates have been incorporated 
only into the model of the mature skeleton. 
In order to model blood flow rates to tiie 
growing skeleton., advantage will be taken of 
the observation that bone blood flow rate: is 
closely correlated with bone formation rate. 
Bone formation rates are examined in the sec
ond paper in this series (O'Flaherty, 1991a). 

The model of rat skeletal growth presented 
here should not be extrapolated to humans 
using conventional allometric scaling proce
dures. In contrast to bone itself̂  which is es
sentially the same in different species, the 
fraction of the body occupied by the skeleton 
and the relative amounts of bone and bone 
marrow can vary widely across species. In par
ticular, the skeleton occupies a larger fraction 
of the bodies of large animals than of small 
animals. In addition, the small animal skeleton 
appears to contain a larger fraction of b<}ne 
than the human skeleton. These points are 
considered, and a model ofthe growing human 
skeleton is developed, in the third paper in 
this series (O'Flaherty, 1991b). 

The model ofthe growing rat skeleton also 
is not intended to describe skeletal growth be
yond maturity (body weight about 300 g in 
male rats, 250 g în female rats). Predictions of 
the model in a range of larger body sizes would 
be inaccurate. One ofthe reasons is the se:(iial 
dimorphism of adult rats. Until eariy adult
hood, bone and skeletal growth of male and 
female rats are not markedly different In ma
turity, however, liie male rat continues to form 
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Physiologically Baseo Models for Bone-Seeking Elements, il. Kinetics of Lead Disposition in 
Rats. C'I-LAHER"Y. E. J . (1991). Toxicol. Appl. Pharmacol. I l l , 313-331. For toxicants wuh 
ong resilience limes in tne body, body burden is determined largely by exposure history rather 
°..ian b^ crurreni exposure. There is a need for physiologically based toxicokineuc moaels capable 
of inicf -lung exposure over time by incorporaung growth, development, and aging. Such a model 
•i presciiied for U ^ kinetics in the growing rat from birth to adulthood. The mooel incorporates 
age de;<;ndence oi the p.iysioiogic ano metabolic processes that control lead distribution to bone 
and soil tissues, M well as age dependence of lead absorpuon from the gasiroiniesunai t r aa and 
age de;-rnaence of elimination of leaa The essential features of bone structure and meubolism 
are iniciirated into a framework that determines bone lead kinetics. Panmeter vaiues used in the 
model lie laxen from tne literature or are estimated from the best visual fit of the model to d a u 
from c ironic and shoa-term studies of lead exposure in rats. The model accommodates any 
pattern of lead exposure. The upuke of lead by bone vanes with the age at which exposure occurs. 
The prictnions of the model are compared with data from a chronic study in rats in which lead 
exposure was disconunued after exposure periods varying from 3 to 12 months, o i99i Aodone 
^lOLlac 

Lead and its p steniial toxicities have become 
the focus of increasing attention in recent 
years. While t le occutjational hazards of lead 
exposure are fjiirly weii unoerstood, lead is also 
widely disseminated in the general environ
ment due to i:s historical use in gasoline and 
in paints, frcm which it has entered soils 
through fallout and tlirougn flaking and dis
integration oi old paint. 'The persistence of 
lead-based pai ii t in older homes also represents 
a hazard to yc img children as a result of con-
sumpuon of i aim flalxs or as a result simply 

' Portions of U ill wotk uere suoponed by U_S. Public 
Health Service Gn.nts 1^01872 and ES04125. The con
cepts and dau 1 ave c>»n presented in part ai annual 
meetings oi the S :>neiy of Toxicology in 1988 and 1989. 

of ordinary hand-to-mouth activity. Environ
mental lead exposure extends throughout 
childhood and adult life. 

Ninety-five percem or more of the adult's 
body burden of lead is in the bone (Barry, 
1975). Because large amounts of lead can be 
sequestered in the bone, there is potential for 
return of lead from t>one at biologically sig
nificant rates either as the result of normal 
bone metabolic activity or as a result of con
ditions such as osteoporosis that are charac
terized by net bone resorption with a decrease 
in bone mineral mass. Even in childhood, 
bone is not a sink for lead, because active 
modeling of growing bone involves resorption 
of existing bone, some of which may contain 

313 0041.008X/9I $3.00 
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localized high concentrations of lead reflecting 
active bone formation during eariier lead ex
posure. 

Bone is a complex, metabolically active tis
sue subject to endocrinologic and physiologic 
control Lead is incorporated into bone by 
substituting for calcium in the bone mineral 
matrix (MacDonald et al.. 19S1). Movement 
of calcium in and out of bone is mediated by 
several distina processes in which it may be 
presumed that lead also participates. The na
ture of these processes is such that the resi
dence time of an atom of lead or other bone-
seeking element in bone can be a substantial 
fraction of a lifetime. The lead content of bone 
at any time is the integrated outcome of pro
cesses that may have begun well before birth. 
The concentration of lead in plasma at any 
time is determined almost entirely by the bal
ance among absorption, elimination, and 
transfers to and from bone. In order to clarify 
the complex relationshit» among magnitude, 
pattern, and timing of lead exposure and blood 
lead levels, as well as to support rational pre
dictions related to potential lead toxicity, a 
model that describes lead kinetics over an en
tire lifetime is required. 

In this paper, such a model is proposed. The 
model is developed for the growing rat from 
birth to adulthood. It applies equally to male 
and female rats. It does not take into account 
exposure during gestation and suckling, 
stresses of pregna'ncy and lactation on bone, 
or net bone loss that may occur in aging or 
disease. The model is anatomically and phys
iologically based. It includes reasonable de
scriptions of the age dependence of tissue vol
umes, blood flow rates, and clearances. The 
heart ofthe model is integration ofthe essential 
features of bone archiieaure, growth, and me
tabolism into a framework determining bone 
lead kinetics. 

METHODS 

Experimental 

Chronic study with coratnuous lead exposure. Male 
Long-Evans rats were maintained from age 50 days on 

drinking water containing 0. 100, 300.500, or 1000 ppm 
added lead. Lead was added as lead aoetaie to the drinking 
water, which was liighlly •'•'^•ftwl to minimize ineapi-
ut ton of lead caitwiute and was ' •^fg*^ two \a three 
limes each week. The rats were housed 3 to a cage and 
were fed Purina 5001 chow, food and drinking water were 
provided ad libitum. A 12-hr light/12-hr dark cyi::le was 
mainuined. Initially, there were 36 tauperexposun: group. 
Two and four weeks and 2,4, S, aod 18 months after the 
Stan ofthe study. 6 rats from each group were killed. Blood 
was uken by cardiac punaure. After the remaiaiog blood 
had been cleared from the tissuei by peiAiaoo through 
the left ventnde ofthe hean with physiologic saline saiti-
plet of liver and the diaphyseal region of the femur, as 
well as the whole kidney, were weighed and frozen at -4*C 
until analyzed for their content of lead. Lead aiulyses were 
carried out by flame atomic absotption tpccirophoiometry-
after wet digestion of tissues with nitric and hydrochlonc 
acids. The kidney lead concentration data have been pre
viously published lOTIaheny er oL 1986). 

Short'term studv. Two groups of six weuiling (24-day-
old) male Sprague-Dawley rats were given dtinkisg witer 
containing 1000 ppm added lead, addibed slightly as de
scribed above, for either 31 or 60 days. Housing and feeding 
^vere the same as in the chronic study with conunuous 
exposure. Blood lead concenirauons were monitored by 
uil bleeding just before removal of lead from the drinking 
water (designated Day 0) and on Days I. 2. 3, 5, 8, 11. 
and 15. and weedy gradually lengihciung to monthly 
thereafter until age 394 days, in order to minimize con-
umination of samples by lead, tails were thoroughly 
cleaned by scrubbing with a dilute solution of ED7A prior 
to sample collection. Blood lead conoentratiotis were de
tennined by Zeenian atomic absorpuon spectrophotom
etry. 

Chronic study with lead exposure of varying duration. 
Eight groups of 10 male Spngue-Dawiey rats were given 
drinking water containing either lOOO ppm (four groups) 
or 2000 ppm (four groups) added lead, aadified slightiy 
as described above. Housing and feeding were tiie same 
as in the chronic study with continuous exposure. At each 
of the rwo exposure levels, one group of rats was started 
on lead-conutning dnnking water at age 22 days, one at 
age 114 days (3 months), one at age 215 days (6 months), 
and one at age 296 days (9 months). All controued lead 
exposures were termttuted when the tats were 440 days 
old. Blood lead concentrations were monitored by tail 
bleeding just before removal of lead from the drinking 
water (designated Day 0) and on Days I. 2. 3. i , 7, 10. 
14. 17. and 21. and weekly lengthening to monthly there
after for 225 days following removal of lead from the 
drinking water. Precauuons were taken to avoid raniam-
inauon as above. Blood lead analyses were carried out by 
Zeeman atomic absorpuon spectrophotometry. 

Theoretical 

General. A qualiutive descntnion ofthe struaure and 
principal features ofthe model is given here. A quanntauve 
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outline ofthe iii'Sdel. wiib key equauons. will be found in 
the Appendix. 

tney, liver, other well-perfused tiwiin. bone, and 
iijaui poorly p:rlused tissues compose the modeL Kiditey 
and liver are o nisidered individually because they are or
gans of lead at^iorption :tnd/or elimitution. Ingested lead 
is modeled as direa input into the liver. Fractioiial ab
sorption of ini Sited lead declines with age from its max
imum value a' and before weamng. A small dose depen
dence of fraciicnai ab»3ipoon is incorporated into the 
mod«l. Elifflination of lead is considered to be 91% in the 
bile and 9% in t ie unne (Aungst <r a/- 1981; Cregus and 
Klaassen. I98<!). As modeled, fractional excretion is age-
dependent bui not detjendent on body burden of lead. 

The model is scaled both to age and to body weight at 
sexual malum V by means of a flexible expression for body 
we^hL The bcily weight expression is irtaptible to generK 
orspeanc grTr>nh curve:^ and lo growth of male or female 
rats. Its form :illows shifts in anatomic and physiological 
parameters during groMth to be incorporated into the 
modeL Cardial: output ((JTIaherry et al.. 1990), deannoes, 
and organ and tissue volumes (Ttieb ei al.. 1976) are linked 
both to body '<tnght and to degree of maturity. 

Of the totaJ cardiac output. 0.25 goes to the liver and 
assooated lissiiis. 0.17 lo the kidney, 0.44 to other well-
perfused iissuts, 0.03 to bone, and 0.11 to other poorly 
perfused ussu ts. These fractions are invariant with body 
weight 

The fractio lal composiuon of the total body weight of 
the adult rat t: liver. 0.04; kidneys. O.Ol: all well-perfused 
tissues indud ng liver and kidneys. 0.10; and all poorly 
perfused tissu ra indudiag bone. 0.90. These fractions are 

udent on tody wcghi during growth. Bone volume' 
\ •• h o moddtd as a pvjver of body weight dunng growth 
from birth to maturity (O'Flaherty, 1991). 

All transfer, of lead out ofthe blood are related to plasma 
lead, which is :i concentration-dependent fraction of blood 
lead. The reutionship between plasma and total blood 
lead is expresied as a cipaciiy-limited binding associated 
with the eryu'jocyies. Transfers of lead between plasma 
and tissues oinirr than Iwne are modeled as convenuoiui 
flow-iimited (Changes Basea on the relauve imponance 
of mecnamsr.s of calcum upuke into and release from 
bone, iransfen of lead Ijeiween plasma and bone are con
sidered to 0:- meoiatitd by four qualiuiively distina 
mechanisms: rapid or surface exchange, slow or diffuse 
exchange, de xisiuon of lead with accretion of new bone, 
and removal of lead wnh resorpuon of bone. Rapid ex
change is a f 3w-llmited process, while slow exchange is 
modded as nctial diffusion outward from the canalicules 
that channel iititnents into bulk bone. 

Passage of blood thiough bone, with exdiange of lead 
between pias na and bcme. is modded as a senes of linked 
and pa.rtiall> interacii/e events. As blood traverses the 
bone, u passes nrst through Uie volume of rapid surface 
exchanse. U ad in this bone region is considered to be in 
equiiibnum v,th lead in blood plasma leaving the region 

and entenag the metabolically active region. The meu-
bobcally aorve region of botie consists of actively growing, 
modeling, or remodeling haversian canal, endosteal, pen-
ostoL and trabecular surfioes. in the meubolically active 
regioii. lead is removed from blood during the formation 
of new bone and returned lo blood with resorption of ex
isting bone. Resorbing bone contains the moving average 
bone lead ooncentntioo. all prtxesses uken together. 

The diffiision region of bone is the total bone volume 
with the exception ofthe rapKlly exchanging surface region. 
It indudes the metabolically active region. Radial difliision 
of lead outward &am <-afi»n«iiiT is approximated as ex
changes between conoeatnc cylindrical shdls whose total 
volume is the volume ofthe diffusion region. Any number 
of oonoenthc cylindrical shdls could in prindple be in
corporated into the model Approximation to a true dif
fusion process improves as the number of shells increases 
and thdr thickneu diminishes. The modd as presently 
wrinen is composed of eight shells of equal thickness. Lead 
is homogeneously distributed within each shell. Transfers 
between shells, and between the innermost shdl and fluid 
passing through the canalicule, are diffusion-limited. 

Parameter esttmation. Physiological parameters re
quired by the modd de&ne body growth: bone formauon 
rate, n a bone volume, volume of the rapidly exciunging 
fraction of bone mineral, and blood flow rate to bone: and 
bone structure (canalicule diameter and spadng), in ad
dition to spedfying the fractional tissue volumes and blood 
Qow rates that make up more conventional physiologically 
based models. Values of the growth- and bone-related pa
rameters are given here and in Table 1. 

The paraineteis WADULT, HALF, and CONST in the 
expression relating body weight to age (Table 1) can be 
sdected to reproduce an experimental growth curve or 
can be chosen arbitrarily to generate an average growth 
curve. In the applications given here, modd body growth 
was matched to growth curves for the particular rau in 
each ofthe studies. Net bone volume as a function of body 
weight ha^^ieen defined previously (O'Flaheny, 1991). The 
fractional volume of the rapidly exchanpng surface region 
of bone was arbitrarily set at 0.002 (see Discussion). Blood 
How rate to bone was set at 3% of cardiac output, inde
pendent of age (O'Flaheny, 1991). Values for canalicule 
diameter and spaang (Table I) were uken from quanu-
uuve electron microscopic measurements of mouse bone 
by Baud (19621 None of these paramner values was ad
justed: they were used as onginally seleaed. 

An expression for bone formation rate was devised based 
primarily on the d a u of Sontag (1986a.b). Sontag (1985) 
suggested that dedine in bone fomuuon rate with age in 
rats more than 60 days old could be approximated by a 
negative exponential term. An apparent half-life of about 
40 days for the dedine in bulk bone formauon rate in rats 
in the 60-130 day age range studied by Sontag (1985. 
I986a.b) (Table 3) is supported by the linear appositional 
grt>wth rate d a u of Raman (1969) (see Discussion). The 
second exponential term in the expression for fractional 

V, l# 
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TABLE 1 

PHYSIOLOGICAL PARAMETERS 

Body wdght 
WADULT 

HALF 

CONST 
Bone growth' 

MINFORM 
ALPHAO 
ALPHA 
BETAO 

BETA 

Bone struaure* 
Canalicule spadng 
S. speahc canalicule 

surface 
U spedfic total canalicule 

length 

Variable: 0.350-0.500 

Variable; 1.5-2.0 
months 

0.0088 (male rats only) 

0.003 
0.321 
0.2 
Variablr. dependent on 

HALF, WADULT 
Variable; dependent on 

HALF, WADULT 

1.7 itm 
4.712 X lO- ' cm^cm 

length 
4.511 X 10'" cm/liter 

bone 

0.01, depending on dose, during adulthood (Kostial« at. 
1978). For concentnuons of lead greawrtfaan 1000 ppm 
in the drinking water, fractional abHcption in aduh n u 
was adjusted in order to eiimiiuie residual noniineam;' 
(after adjusunent for capadty-timited binding) in the ex
posure/blood lead concentration relationship. 

Aungsi a a/. (1981) reported total diminaiiott deannoes 
of 0.4-1.0 liter of blood/day/kg body wt in n t s wdghing 
0.3 kg. If only plasnu is actually being deued , this range 
translates to roughly 16-40 liters of pUsma/day/kg body 
wL Elimination was modeled as deaiance from blood 

TABLE 2 

PARAMETER.^ RELATED TO LEAD 

•V^Tien WADULT = 0.375 kg and HALF = 1.6 
monUis. BETAO - 0.081 and BETA - 0.021. 

"Baud (1962). 

bone formation rate in the modd presented here defines 
formauon rate in this age range. The half-life is about 35 
dayv Hovl«ver. this term cannot account for the rapid 
increase in bone volume that ukes place between birth 
and age 60 days. Another exponential term, with a half-
life of about 3.5 days, has been incorporated into the 
expression for bone formation rate in order to describe 
this eariy. very rapid bone growth. The values of the five 
parameters in the expression for bone formauon rate as a 
funaion of age (Table I) were adjusted slightly so as to 
bring model predictions into better agreement with aaual 
concentration measurements from the short-term study, 
but no attempt was made to opumize them. 

Lead-related parameters for which values must be en
tered into the modd are fractional absorption from the 
gastrointestinal tract: partition ooefiidents for lead in non-
bone tissues and in the surface region of bonr. maximum 
capaaty and half-saturauon concentration for capadty-
limited binding in the erythrocyte: elimitution clearance: 
fractional dearance of lead from plasnu into forming bone: 
and the resincied permeability coetRdems for lead diffu
sion within bone, from plasnu into bone, and from bone 
into plasma. Values of lead-related paramners are given 
here and in Table 2. 

Fractional lead absorption itam the gastrointestinal t raa 
was modeled as a first-order decline with a half-life of 3.5 
days from about 0.15 at and before weaning to 0.007-

Partitioning in blood* 
BIND 
KBIND 

Partitioning between blood 
plasma and tissues' 

PL (liver) 
PK (kidney) 
PW (other wcll-pcri'used 

tissues) 
PB (bone) 
PP (other pooriy perfused 

tissues) 
Meubolically aaive region 

ofbone' 
LEAD, fractional 

dearance of lead into 
forming bone 

Diffusion region of bone 
DO.restnaed 

permeability coefiident 
for wi thin-bone 
movement' 

RO. restnaed 
permeability coeffirient 
for bone-to-plasma 
transfer' 

PO. restnaed 
permeability coethdent 
for plasma-to-bone 
transfer' 

Elimitution clearance^ 
QEC 

lOmg/liter 
0.067 mg/liter 

75 
Variable with dose rate 
75 

6000 
20 

15.000 

8 X 10"' cm/day/unit 
disunce 

8 X 10"' cm/day/unit 
disunce 

0.1 cm/day/untt 
distance 

14 liter/day/kg 

' Based on Klaassen and Shoeman (1974). 
* Expenmenial values from chronic study with contin

uous exposure. 
' Empirical value giving best visual fit of modd to dat:.. 
' Marshall and Onkdinx (1968). 
' Based on Tothill and Hooper (1984); adjusted to obtain 

best visual fit of modd to data. 
^Based on Aungst et n/. (1981). 
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piasma. having \. value cf 14 liters of plasma/day/kg 
oody wt. 

Values of paru:ion coefficients for noo-taone tissues and 
mace Ri;ion of bone (Table 2) were determined 

;:A^>«,ienially a; the meari ratios of tisstte concentrations 
at steady state m Uie chronic nudy with continuous lead 

Msure. No all<'W'ance wjs nude for possible «••««««;*« m 
rtiuon coeifidcDts with .age or length of exposure, nor 

-aS there mdicaiicm that changes occurred in any tissue 
except the kidne" (see Distntssion). 

The value of U.e restriond diffusion coeffident for slow 
±ange of lead irithin bine and from bone to plasma 

V.4ble 2) vi-as tha; given by MarshaUand OnkeUnx (1968) 
for slow excnang: of "Ca, ""Sr, and "•Ra in dog bone. 

Initial values f(>r maximum binding capacity BIND and 
if-saturauon ooiuxntration KBIND (Table 2) were based 

w.. the wonc of K laassen arid Shoenun (1974). The initial 
value of the para meter LE.U3, the fractional dearance of 
' d into newly lotmed bene (Table 21 was a best-guess 

imate based o.i the rate at which lead entered the rat 
,..nur dunng the chronic study with continuous lead ex
posure. The iniiu.l value of PO. the restnaed permeability 

sffident for tririsfer of lead into bone (Table 2). was 
culated from ('(ithill and Hooper's (1984) d a u for ex-

...cuon of ' ^ r b v the total skeleton of ihe rat asa funcuon 
of blood flow rai( througn bone. From their data, the 

iximum cieaniiw possible at inflnitdy large blood flow 
a be esumatec i.o be about 46 ml/min/lOO g skeletal 

.. Thus, (or diffusion of "Sr into bone from canalicules 
having a total smiace area of 2.126 X 10' cm'/100 cm^ 

'IK, as in the peseni model, P would be about 0.3 cm/ 
y/skdetal deru: ly. or 0 J cm/day when skeletal density 

.. 1J g/cir-". 
' values of BIND, KJBIND. LEAD, and PO were 

fiopumizei: Isyreconcilingbioodleadconcentraaons 

\ " \ 

25L 

I 

a 100 100 300 

t o t . I * r * 

FIG. I. Blood Md concentration dunng conunuous ex
posure of rats to cad in th: drinking water. Points are the 

eans of measuxments in groups of 4-6 rats at ( • ) 100. 
.) 300. (•) 50 I. and (•) KXX) ppm lead added to the 

dnnking v.-ater. jnes are model simulations. 

Fio. 2. Skeletal lead concemration during continuous 
exposure of rats to lead in the drinking water. Points are 
the means of measurements of lead in femoral diaphysis 
in groups of four to six rats at ( • ) 100. ( A ) 300. (^) 500. 
and (•) 1000 ppm lead added to the drinking water. Lines 
are model simulations for total skeleton. 

predicted by the model with the concentration profiles 
from the chronic study with conunuous exposure and from 
the shon-term nudy. 

RESULTS 

The same parameter values (Table 2) were 
used for all the simulations illustrated. Figures 
1 and 2 give the simulations and experimental 
data for blood lead and skeletal lead from the 
chronic study with continuous lead exposure. 
Liver and kidney lead and simulations from 
this data set are not shown. Because the data 
from this study are unfonunately somewhat 
erratic, the accuracy of the simulations is dif
ficult to judge. However, they show clearly the 
continuing steady accumulation of lead in 
bone during continuing exposure, despite the 
rapid attainment ofa pseudoequilibrium con
centration of lead in blood. These data sets 
were used principally to fix values ofthe par
tition coefficients and of BIND and KBIND. 
In contrast to the values ofthe plasma/eryth-
rocyte partitioning parameters, the values of 
the partition coefficients do not greatly influ
ence the whole-body predictions ofthe model. 

Figures 3 and 4 display the simulations and 
data from the two short-term experiments in 
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s aol-

FiG. 3. Blood lead concentration after 31 days of ex
posure of 24Klay-old rau to lOOO ppm lead in the drinking 
water. Poinu are the means of repeat measurements in a 
grtMp of six rats. The line is the modd simulation. Standard 
deviations are not shown. CoeSidents of variation ranged 
from 6.9 to 39%. 

which young rats were given lead for either 31 
or 60 days. A feature of these data sets is a 
transient stabilization of the blood lead con
centration that occurs at some time between 
about 3 and about 11 days after removal of 
lead from the drinking water. Although this 
kinetic behavior was not observed in all ani
mals, it was seen fairiy consistently and is re
flected, in the shapes ofthe data sets in Fig. 3 
and-particulariy in Fig. 4, after the longer ex
posure. These data sets were used to refine the 

S to 

FiC. 5. Blood lead concemration from age 400 to 600 
days during and after 418 days of exposme of 22-day-old 
rats to lead in the drinking water. CdntroUed lead exposure 
was terminated at age 440 dayi Poinu are the means of 
repeat measurements in a group of four to six rau given 
(A) 1000 or ( • ) 2000 ppm lead added to the drinking 
water. Lines are modd simulations. Standard deviations 
are not shown in Figs. 5-8 for the take of datity. Coeffi
cients of variation were roughly 20% at mean blood lead 
levels less than about 100 »tg/dl. and as much as 60% at 
higher mean blood lead levds. 

form ofthe expression for bone formation rate 
and to fix the vaiues ofthe parameters PO and 
LEAD. They cover a sensitive age range in 
which the bone formation rate is diminishing 
rapidly. 

Figures 5-8 illustrate blood lead simulations 
and measured concentrations firom the chronic 

2 0 * 

Fic. 4. Blood lead concentration after 60 days of ex
posure of 24-day-old rats to 1000 ppm lead in the drinking 
water. Points are the means of repeat measurements in a 
group of six rats. The line is the modd simulation. Standard 
deviations are not shown. Coeffidents of variation ranged 
from 8.9 to 36%. 

Ftc. 6. Blocxl lead concentration from age 400 to 600 
days during and after 326 days of exposure of 114-
dav-old rats to lead in the drinking water. See legend to 
Fig. 5. 

Ii 
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the same as lead kinetics in male rats up to 
about 250 g body wt, and to diSer subse
quently primarily because ofthe difference in 
growth rate, with eariier onset of net bone loss 
in females than in males. 

Fractional absorption of lead from the gas
trointestinal tiaa is strongly dependent on age 
in the immature rat. A large fractional ab
sorption in suckling rats fails rapidly to adult 
levels during a period of days to at most a few 
weeks after weaning (Kostial et al.. 1978). 
There is little experimental basis for selection 
ofthe particular range of fractional absorption 
values incorporated into the present model, 
although they are representative of observed 
values. The uncertainty is partly due to the 
influence of experimental conditions. Frac
tional absorption of lead from the gastroin
testinal traa is dependent on diet and nutri
tional status (Conrad and Barton. 1978; Kos
tial and Kello, 1979) as well as on the chemical 
species ofthe lead (Barltrop and Meek, 1975). 
The adult chow-fed rat has been reported to 
absorb between about 0.4% (Kostial and Kello, 
1979) and 1.0% (Barltrop and Meek, 1975) of 
total dietary lead. The value of 1.0% used in 
the prnent model was based on data from 
chow-fed rats, and was required in order to 
bring predicted and measured blood lead con
centrations into congruence. 

Gastrointestinal lead absorption has also 
been shown to bcdose-dependenL Aungst et 
a/. (1981) observed disproportionalities in tis
sue lead concentrations at drinking water con
centrations as low as 50 ppm. but the data on 
which the present model is based do not re
quire adjustment for a reduaion in fractional 
absorption unless drinking water lead concen
trations exceed 1000 ppm. 

Renal clearance of lead by rats is about 9% 
of total clearance and is independent of blood 
lead concentration up to at least 100 ^g/dl 
(.*Lungst et al., 1981). Excluding from consid
eration minor routes of excretion such as nails 
and hair, it follows that biliary excretion ac
counts for 91% of lead excretion in rats re
gardless of dose. Most of the detailed studies 
of renal excretion of lead have been conduaed 

in dogs. Lead reabsorption in the dog kidney 
is extensive but shows no evidence of capacity 
limitation (Vander et al., 1977). Whether 
reabsorption of filtered lead takes place in the 
rat kidney cannot be esublished unless the 
fraction of plasma lead that is filtered at the 
glomerulus is known. However, in order to 
model lead kinetics, the relative contributions 
of nonfilterability of plasma lead and tubular 
reabsorption of filtered lead to renal lead ex
cretion need not be known provided that both 
of these processes are first-order. 

Occurrence of exponents less than unity in 
the expression for liver and kidney volumes 
as functions of body weight in the model (see 
Appendix) means that these organs occupy a 
slightly greater fraction of model body weight 
in the young than in the mature rat The values 
of these exponents are taken from a detiuled 
study of allometry of growth in the rat (Trieb 
ei al.. 1976). The value (0.67) ofthe exponent 
in the expression for cardiac output as a func
tion of body weight is the value prediaed by 
isometric theory for growth within a species 
(McMahon and Bonner, 1983). Its application 
to cardiac output is supported by fitting an 
allometric reiationship to published values for 
cardiac output in rats of dififerent body weight 
(O'Flaherty et al.. 1990). Distribution of car
diac output among different organs and tissue 
groups ofthe adult rat for the purpose of phys
iologic modeling is fairly well standardized 
(Ramsey and Andersen, 1984). In the absence 
of data suggesting otherwise, the fraction of 
the total cardiac cutput going to organs and 
tissues making up the present model is con
sidered to be independent of age. A modifi
cation of the model that allowed organ blood 
flow rates to vary as fraaional organ weight 
did not improve iis prediaive accuracy. 

Bone. Bone, although it occupies a very 
slightly larger volume fraction ofthe adult rat 
body than ofthe immature rat body, grows at 
a rate similar to that ofthe whole body. While 
total bone volume is defined as a function of 
body weight, it is the opposing processes of 
formation and resorption that control net 
changes in bone ^'olume. The expression for 
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one formation rate is denved fronf published 
udies of rwo ciistina Idnds. 
Ir ^ first ki iid of study, the magnitudes of 

XTLf̂ n and rapid exchange of skeletal cal-
:um have beer esumatwi with the aid of ra-
iotracers. A bx'ac approach has been devel-
ped that allows calculsition of accretion rates 
nd rapid exchijige pocils from measurements 
f the time couis: of sp<xinc activity in plasma 
allowing a singe injeaion ofa calcium tracer, 
ogeiher with llie amount of tracer excreted in 
irine and fece:. and the total amount of Gal
ium excreted in unne (Bronner, 1964; Mar-
hall, 1969). & Limates of bone accretion rate 
nd exchangeable bone calcium that are based 
>n these tracer methodologies are dependent 
)n the time during which the measurements 
vere earned out, because they give a value for 
iccretion rate i hat includes transfer into bone 
oy exchange p ocesses not vet at equilibrium 
vith plasma t acer at the time of sampling. 
The rate of accretion cf new bone can also be 
measured diri;:c:tly by fluorescent labeling 
•echniqucs, in .̂ 'hich a fluorescing dye is used 
.0 label acuvcly groving oone surfaces. In 
:ombinauon vn\h qmintitative micrography, 
Quorescing m.irkeis cm be used as the basis 
for'-'mation ijfbone formation rate. Selected 
va*|, ,̂ ,), of bonr formation rates from surface 
labeling studies and accretion rates from ra
diotracer studies are reproduced in Table 3. 
These vaiues .ux the l̂ asis for the expression 
devised to de;;cribc dependence of bone for
mation rate cm body weight in the present 
model. Fractic nai bone formation rate defined 
by this expresiion drops from about 40%/day 
in the newboi n ra; to about 67o/day at wean
ing, and apprnaches a minimum of 0.3%/day 
in mature rat:;. This magnitude of bone for
mation, and tlie rate ;ii which it declines with 
age, is in accc rd with the observations of Ra
man (1969) jr.d of Sontag (1986b) for male 
rats up to 6 months old. Sontag measured bone 
formation rai: in the midshaft of the femur. 
He observed ;i contin jing decline in bone for
mation rate V iih age after 6 months that may 
not reflca be ne fcnratior. in the whole skel
eton. Other 3bsci-vations (Table 3) suggest 

that fractional bone formation rate for the 
whole skeleton in older rats remains at about 
0.3%/day. 

In the present model, bone resorption rate 
is defined as the difiference between bone for
mation rate and the rate of change of net bone 
volume. It declines from about 3.5%/day in 
the newborn rat to about I %/day at weaning, 
and approaches 0.25%/day in mature rats. Few 
estimates of aaual bone resorption rates in 
rats of different ages are available. Sontag 
(1986a,b) measured bone formation and re
sorption in femoral midshaft of male and fe
male rats aged 60-850 days. He found that the 
ratio of bone formation rate to bone resorption 
rate did not exceed 3 at any age, and was about 
1.8 in male rats at age 60 days. In the present 
model, this ratio is 3 in male rats at age 60 
days, which appears to be a reasonable value 
for the whole skeleton compared to the mid
shaft of the femur. 

It has previously been shown (O'Flaheny, 
1990) that bone blood flow rate is approxi
mately proponional to the rate of new bone 
formation. Figure 10 shows that when bone 
blood flow rate is a constant percentage of car
diac output, as it is in the model, it is propor
tional to bone formation rate as defined in the 
model. Thus, it is not necessary to devise a 
more complex expression to define bone blood 
flow. The simplest possible relationship of 
bone blood flow rate to cardiac output is con
sistent with observed behavior. 

The model suggests that as fractional bone 
formation rate approaches its minimum value, 
specific bone blood flow rate approaches a 
value around 20 liters/day/100 g bone wt. or 
about 2.9 ml/min in a 400-g rat. This value 
can be scaled allometrically in accordance with 
the 0.75 power of body weight to give a crude 
prediaion of mininmm bone blood flow rate 
in the dog, for which bone blood flow mea
surements have been published. Scaling from 
the 400-g rat to the lO-kg dog gives an estimate 
of minimum flow of about 32 ml/min. If bone 
weight scales as the 1.1 power of body weight 
(Schmidt-Nielsen, 1972, 1984), minimum 
specific bone blood flow rate in the adult (10-
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TABLE 3 

"BONE ACCRETION RATE" FROM TRACEX STUDIES WITH Ca" OR Sr", AND "BONE FORMATION RATE" AND 
"AwosmoN RATE" FROM TETRACYCUNE LABELING STIJDIES 
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M 

M 
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— 

2 

2 

3 

W e i n l t n i 

Adul t 

3 

12 

2 

4 

10 

1 

I J 

2 

2 J 

3 

3 J 
4 

1 

1.3 

2 

2 J 

3 

3.3 
i 

1.23 

1.23 

2-3 

3-5 

3.3 

2 

Weight 

U) 

166 

120 

120 

126 

JS 

180 

230 

174 

302 

f* 

126 

113 

Booeaa U U J U U 

n i c 

(mg/day) 

0.49 

0.19 

0.41 

0.17 

65 

4.3 

0.91 

28 

3.4 

0.82 

60.53 

4.1 

3.3 

0.69 

18.6 

6.5 

6 J 

9.6 

77 

61.4 

14.6 

(%/day) 

0.57 

0.J4 

0.69 

0.22 

6 J 

I 2 J 

3.4 

3.8 

9.6 

3.0 

6.0. 5.3 

6 2 
9.1 

2.4 

4 6 

0.39 

2 J 

0.28 

Booe 

fora iauon 
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(» /d»y ) 
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3.2 

2.9 

Appod i ion n t e . 

U n / d a y ) 

l O J 

7.6 

6.0 

4.6 

3.6 
2.7 

2.4 

8.3 

6.3 

4.8 

4.0 

2.9 

2.2 

1.9 
10.3 (penosieum) 

4.6 (endomum) 

11.1 

3.4 

1.6 

0.65 

0.50 

T ia i i e 

Femur, enm 

Femur, ihaft 

T ib ia , ends 

-nbia.<hah 

Whole bodv 

Tifai i .e i ids 

T ib ia , (haft 

Whole body 

T ib ia , ends 

T ib ia , shaft 

WholKbodv 

Tib ia, whole 

Tib ia, ends 

T i b i i . Shaft 

Whole body 

Whole bodv 

Whole body 

Whole body 

Whole bodv 

Whole body 
Whole body 

Femur 

T i b i i 

T ib ia, prax. 

diapbyns 

Feniur. pcnosicuni 

Femur, midi i iaf t 

Femur. disL conex 

Femur, d i a . 

mctaphysis 

Femur, whole 

Femur. disL 

metaphyjis 

Refarence 

Bauv< l954 ) 

Baac re id / ( 1953 ) 

B « « ( i a / . ( I 9 S 6 ) 

Aubcn and Mi lhaud 

( I960) 

Bauer n o / . (196I I 

Weikel and N e u m i n 

fl96n 

Lematfc and 

Biacj ier. a i ed in 
Brenner (1964) 

Bronner and Auben 

(1965) 

Branocrand 

Lema iR( l969 ) 

R a m u i ( l 9 6 9 ) 

Raman (1969) 

B a ^ * » k « a / . (19701 

Bayi inkand 

W e i t e d a l ( l 9 7 n 
Sontac( l980) 

Sontag (1983) 
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TABLE Z—Cont inued 

Booc secretion 

formation 

2 

-.0 

:o 

32 

34 

'' '̂ *» 
Sex 

F 

M A P 

M 

F 

M 

F 

F 
F 
F 
F 
F 
M 
M 
M 
M 
M 
M 

Ate 
(moati)sl 

3.3 

2 
3.4 
9 

13J 
22 
2 
i . ' 
7 

10.( 
13.: 
18J 

We^4 

(t) (m|/day) (%/day) (%/day) 
Appoanoo mtc 

( j im/day) T a a K Reference 

2.0 

0.33 

1.6 

0.U 

0.41 

OJO 

2.7 
1.0 
0.10 
0.04 
0.03 
2.7 
1.2 
0.26 
0.12 
0.06 
0.04 

12 
3.5 
OJO 
021 
0.16 
1.3 
7.9 
1.6 
0.66 
0.33 
0.23 

Femur. disL 
mcttpo^ntt 

Femur. dixL 

Femur, d m . 
nmipliyiis 

Femur. disL 

Femur, dist. 
epipbym 

Fcnur . dm. 

Femur midshaft Soniac (1986a) 

Femur midshaft Sonia( (1986b) 

eg) dog would l>; prediaed to be 4.4 mi/min/ 
100 " bone wt Comp;arison of measured^ rr-
po,. jone fonnatior rates in the dog from 
'jeeetal.(l96i) with n^onal bone blocxl flow 
.-ates from Schnitzer e'. al. (1982) suggests an 

0 :2 31 sa oa 
c n t C T I O N A L aONE PORUkTION MATE. 1/«aT 

F I G . 10. The cc n t i a i ion of spectnc bone blood flow rate 

with fractinnal bi r e foiinauon rate, as simulated by the 

modeL 

actual minimum specific bone blood flow rate 
in the 10-kgdogofabout2ml/min/100gbone 
wt (O'Flaherty, 1990; Fig. 2), close to the al
lometrically based estimate. 

Lead kinetics. A fundamental premise of 
this mcxiel is that lead behaves like calcium in 
its movements into, within, and out of bone. 
Therefore, mcxleling of lead kinetics must be 
consistent with what is known about the ki
netics of calcium disposition, including its de
pendence on age. Calcium is added to bone 
through accretion of new bone. Accretion has 
been defined as the net transfer of calcium at
oms into a single microscopic volume of bone 
(Marshall ei ai. 1959). Since the microscopic 
volume is not necessarily fully occupied by 
bone mineral, accretion can represent either 
apposition, the increase of mineral volume, or 
secondary mineralization, the increase of 
mineral density. In addition, calcium (and 
lead) may enter and leave bone by exchange 
prcxresses, defined as equal and opposite 
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transfers of atoms to and from a microscopic 
volume of bone. Two kinds of exdiange are 
recognized: a rapid exchange and a slow or 
diffuse exchange. Return of mineral from bone 
can also take place by resorption. Resorption 
involves removal of both bone mineral and 
the supporting collagen matrix, so that it is the 
reverse of apposition. 

Accretion of new bone, which is integral to 
bone mcxleling and remodeling processes, is 
the dominant feature of skeletal metabolism 
in the neonatal and young animal (Jowsey et 
al.. 196Sa.b; Lee et al.. 196S). Bone formation 
rate decreases steadily throughout the pericxi 
of growth and stabilizes, in rats, at a relatively 
low level during adulthcxxi (Jowsey et aL. 
l96Sa,b; Barer and Jowsey, 1967; Sontag. 
1986a.b). New bone is not fully mineralized 
and will take up calcium tracers at a slightly 
greater rate than fully mineralized bone. 
However, the contribution of these locally 
higher specific activities to the overall specific 
activity of the bone is probably not large 
(Rowland, 1963). 

Studies with calchum tracers have demon
strated that tracer uptake by bone is far too 
rapid to represent only accretion of new bone. 
A rapid'(minutes to hours, depending on spe
cies) exchange between blood and bone cal
cium ukes place at all bone stirfaces in inti
mate contaa with blcxxi (Rowland, 1966). 
Surface calcium is lost as rapidly as it is gainecL 
It is in sufficiently rapid equilibrium with 
plasma calcium that they can be considered 
pan ofthe same kinetic companmem (Row
land. 1966; Groer and Marshall. 1973). Sur
face calcium is believed to be the reservoir 
drawn on for maintenance of plasma calcium 
homeostasis. 

In contrast to the rapidly exchanging surface 
calcium compartmenL the diffuse distribution 
of a calcium tracer throughout the bone does 
not reach equilibrium with plasma after a sin
gle administration (Rowland, 1966). The 
magnitude of this diffuse labeling increases 
with length of exposure to tracer, and is related 
to the total bcxly burden (Rowland and Mar
shall, 1959). Because diffuse labeling develops 

without any change in the microscopic density 
of bone even during chronic administration 
of calcium tracers, it is concluded that it reip-
resents a slow exchange of blcxxi and bone 
calcium rather than n a accretion of calcium 
(MarshaU et aL 1959; Rowland, 1960). 

Four observations suggest that rate of loss 
of calcium tracers from the skeletons of adult 
animals is determined principally by slow ex
change. First, diffuse labeling remains consis
tently uniform throughout the bone even long 
after a single administration of tracer (Row
land, 1960). Second, exchange has been shown 
to be capable of accounting fully for total au-
toradiographically measured loss of calcium 
radiotracer from bone and for loss as prediaed 
by the power funaion (Rowland, 1961, 1963). 
Third, it has been repeatedly observed that the 
rate of diminution of diffuse activity and of 
average activity in bone are parallel (Rowland, 
1960, 1961; Rowland and Marshall, 1959; 
Shimmins and Smith, 1966), strongly sup-
poning the conclusion that loss of tracer from 
"hot spots" of new bone formation at a time 
of high plasma specific activity takes place at 
the same relative rate as loss (by exchange) 
from the diffuse pool. This observation is the 
justification for considering that loss of lead 
from the mcxiel rat skeleton (xxurs by resorp
tion and slow diflusion from bone containing 
the "average" concentration of bone leacL Fi
nally, Shimmins and Smith (1966) calculated 
that the rate of return of calcium radiotracer 
from human bone was an order of magnitude 
greater than their or others' estimates of bone 
formation rate, so that return could not have 
been controlled by resorption. Thus, it appears 
that resorption is as unable to account fully 
for the disappearance of difiusely distributed 
calcium tracer from bone of mature animals 
as continuing mineralization is to account for 
its appearance. In the growing animal whose 
bone is undergomg mcxleling, however, re
sorption is much more important; exchange 
may be insignificant relative to loss by resorp
tion of bone (Bauer and Shtacher, 1968). 

Uptake of bone-seeking elements from rhe 
fluid perfusing deeper bone regions is a dif-
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sion-limned iither than a flow-lunited pro-
•ss (Tothill et uL. 198!). The simplest way to 
pre—<t the rinenuoc of bone-seeking ele-
en ,̂  . the bcdiy anei' a single exposure has 
storically been to use the power function, in 
hich fracuona ixtenuijn is a funaion of time 
a negauve poA-er. Marshall (1969) proposed 

lat the power function character of the ki
tties of bone-! seking elements could best be 
aured as a consequence of radial diffusion 
atward from canahcules into the bone min-
-al matrix, at ight anî les to the long axes of 
:e canalicules. .A. random walk through this 
jcally inhomoi;eneous. volume would be ex-
ressible at a l.i;^er level of organizauon as 
iffusion throu r̂ i a homogeneous matrix with 
single effectiviv coefficient of diffusion. When 
idial dlfTusioTi is approximated by transfer 
etween concentric cylindrical shells, as it is 
T the model prisKntcd here, the effective coef-
cient of diffusion is expressed per unit radial 
istance or. foi the rat bone model, as the re-
:riaed coeifid;nt of diffusion 8 X 10"' cm/ 
ay for transfer between shells. This diffusion 
oefhcicnt was used direaly, without adjust-
lent, m the mcxiel and was applied both to 
novement within bone and to transfer from 
x)ne to canalicular fluid. That a diffusion coef' 
id _ jbiaino;! for movement of several ele-
nentk througt bone of one species is appli-
able directly ' o the diffusion of another ele-
Tient through bone of another species is 
evidence that :he process is indeed a passive 
iiffusion whoiie attributes are not markedly 
lependeni on the character of the diffusing 
;lemert. 

Model Performance 

The predict 
iitive to parut 
and red cells. 
examined thi 
Sprague-Daw 
plasma and v. 
were roughly ] 
centrations u] 

ons of :he model are very scn-
oning of lead between plasma 
Uaassen and Shoeman (1974) 
i partitioning in adult male 
ley rat;. They showed that 
nole blcKxl lead concentrations 
loportiDnal at plasma lead con-
to 10 Mg/dl. but that at higher 

concentrations plasma lead increased dispro-
portionally to blcxxi leacL The values of 
KBIND in Table 2 is not greatly different, 6.7 
Mg/dl of plasma, equivalent to blcxxi lead 
concentrations around 200 fig/dl. With the 
exception of the 2000 ppm drinking water 
concentration, all the nonlinearity in the sev
eral experimental relationships between ad
ministered dose and blocxl and tissue lead lev
els could be accounted for by nonlinearity in 
the relationship of plasma lead to whole blcxxi 
leacL The nonlinear relationship of blocxi lead 
levels to external measures of lead exposure 
has received much consideration from re
searchers and regulatory agencies (U.S. EPA, 
1986). In the current series of experiments, a 
single unifying principle has proven to be ca
pable of resolving nearly all of the observed 
nonlinearity between applied dose and blocxl 
lead levels. If this principle is equally successful 
in resolving disproponionaiities in exposure-
blcxxi lead level relationships under other 
conditions of exposure and in other speches, 
its application will represent a significant con
tribution of physiologically based models to 
our understanding of lead kinetics. 

It is reasonable to expea that strain depen
dence ofthe values ofthe parameters govern
ing the plasma lead/blocxl lead relationship, 
as well as dependence on experimental con
ditions, may be founcL In addition, some of 
the marked interindividual variability in lead 
kinetic ̂ havior that has been noted by many 
investigators may be attributable to differences 
in panitioning of lead between plasma and red 
cells. In the chronic study with lead exposure 
of varying duration, standard deviations of 
group mean blood lead concentrations tended 
to be about 20% ofthe mean up to mean blcxxi 
levels of about 100 ^g/dl and as much as 60% 
ofthe mean at higher blocxi lead levels. Other 
faaors. such as random contamination of tail 
blocxi samples despite the precautions taken 
to minimize such problems, could have con
tributed to the greater variability in measure
ments at higher blocxi lead levels. Nonetheless, 
the increasing variability of blocxi lead con
centrations at high blocxl lead levels suggests 
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individual differences in panitioning of lead 
between plasma and erythrocytes. Since the 
half-saturation concentration, as modeled, is 
around 200 ^g/dl blcxxi in these rats, any in
terindividual differences in the capacity ofthe 
erythrcx^tes to bind lead would be expeaed 
to be manifest at blcxxi lead concentrations 
approaching and exceeding this level. 

It is also entirely possible that erythrocyte 
or other tissue binding parameters may change 
with prolonged exposure to lead. Kidney lead 
in rats during continuous lead exposure is both 
dose- and time-dependent (Goycr et al.. 1970; 
O'Flaheny et al.. 1986). The explanation for 
the complex pattern of kidney lead accumu
lation in rats is not known, but it may involve 
lead binding to specific proteins. High-afifinity, 
low-molecnilar-weight lead-binding proteins 
have been identified in both kidney and brain 
ofrats(Mistry et aL, 1985; DuVal and Fowler, 
1989). The mcxiel presented here does not in
corporate age, dose rate, or time dependence 
of lead accumulation by the kidney, and it does 
not predia kidney lead satisfaaorily. Relative 
to whole-bcxiy lead economy, this deficiency 
is inconsequential. However, to mcxiel kidney 
lead, at)d especially biologically available kid
ney iead, will require a much fuller under
standing of the age, sex, dose rate, and time 
dependence of specific lead binding in the kid
ney than we now have. 

While inclusion in the mcxiel of a small, 
rapidly exchanging surface bone volume is re
quired by observadons of bone uptake and loss 
of radiolabeled bone-seeking elements, the 
mcxiel is relatively insensitive to the size of 
this rapidly exchanging pool. Data from 
Bronner and Auben (1965) may be used to 
calculate that rapidly exchangeable calcium is 
about 1% of total skeletal calcium in mature 
rats. This estimate ofthe size ofthe exchange
able calcium p(X)l includes soft-tissue calcium, 
so that it represents an upper limit on the per
centage bone volume that exchanges calcdum 
rapidly with plasma. The mcxiel is not sensitive 
to variations in size ofthe rapidly exchanging 
bone voiume in this range. 

The values of four parameters were opti
mized in order to increase the descriptive ac
curacy of the mcxiel. These were the two pa
rameters (BIND and KBIND) governing par
titioning between plasma and erythrocytes, tlie 
fractional clearance of lead from plasma into 
mineralizing bone (LEAD), and the restiiaexl 
permeability coefficient for plasma-to-bone 
transfer of lead (PO) (Table 1\ Ofthese, LEAD 
is the only hypothetical parameter in the 
mcxiel. It is not known whether incorporation 
of lead into mineralizing bone aaually has tlie 
charaaeristics ofa clearance. However, this is 
the simplest kinetically reasonable description 
of the prcxxss. Many physiologically reason
able refinements to this and other components 
of the mcxiel can be conceived, and some of 
these—for example, variations in the form of 
the age dependence of fractional bone for
mation rate—were considerecL Accuracy of 
mcxiel prediaions was not materially im
proved by any ofthe refinements investigated. 

The mcxiel as presently constituted appears 
to account for the principal physiologic, met
abolic, and physiccx:hemical processes that 
govern disposition of bone-seeking elements 
in growing rats. It consists ofthe simplest rea
sonable description of the minimum number 
of processes required by an understanding of 
bone growth and metabolism and by experi
mental data from istudies of calcium and lead 
disposition. The magnitudes of the processes 
that mediate the movement of lead to and 
from bone arc dependent on age. The age at 
which exposure occurs determines the kind 
and amount of bone metabolic activity, which 
in turn determines the amount of lead taken 
up by the bone. The bone is both a lead storage 
tissue and a source of lead. Whether it serves 
principally as one or the other at any particuliu' 
time depends largely on age and on the patteiTi 
of lead exposure. A physiologically based 
mcxiel. with inclusion ofa realistic description 
of bone metabolism, is capable of providing 
insight into the complex balances among atv 
sorption, excmion, and transfers of lead b:-
tween plasma and bone. 

1 '; 

Ll 
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APPr.NDlX 

r vai fea'.ures ofthe modeL The concen-
trati,*. of leac in blo«xl (CB, mg/liter blcxxi) 
is related to the coiiccntrauon of lead in 
plasma (CBP, Dig/lite:- plasma) by the expres
sion 

The values of the exponents are taken from 
Trieb era/. (1976). 

Total well-perfused tissue volume (liters) is 

^WBODV-^\ 

CB = 0.55 CEiP 

+ 0.45 CBP 1 + 
BIND 

KBIND -t- CBP ) • 
where BIND i:; the maximum capacity ofthe 
erythrocytes \.a bind lead (mg/liter) and 
KBIND is th:; half-suuration constant (mg 
lead/liter) (Table 2), optimized based on data 
from the chmnic study with continuous ex
posure. 

A three-pa :rameier expression for bcxly 
weight as a fu action of age and of weight at 
sexual matun ;y has been devised; 

(CONSD(AGE), 

WBODY = 0,005 

WADUL':'(e^°^ - I) 

where WBOE^Y is body weight (kg) at age 
AGE (monihi )„ 0.005 is body weight at birth, 
anH ^ALF is liie age in months at which half 
th«( iii-ight W i«iDULT of the young mature 
animal is reactied. W A D U L T is usiudly found 
to be the bodv weight at about age 4 months. 
The term (CC^NST) {.\GE) defines the persis
tent growth 01 male nits after sexual maturity. 
The same expression, with a smaller value of 
CONST or w iiii CONST = 0. describes the 
growth cf feni2Je rats. 

Because ac ult body weight is a feature of 
the expression for body weight, organ and tis
sue weignts c:iti be Unkcd to bcxly weight and 
to degree of r iiuurity. Thus, liver and kidney 
volumes (liters) are defined as 

VL = 0.0^ (WADULT) 

and 

VK - 0.0 (W/^ULTI 

WBOD"\'<'̂ ' 
WADULT 

/WBODY^ 
\ WADULT 

VWT = 0.1 (WADULT) WADULT/ ' 

and the volume of well-perfused tissues other 
than liver and kidney is calculated by differ
ence. 

The volume of pooriy perfused tissues other 
than the bone is also calculated by difference, 
as 

VPT = WBODY - VWT - VBONE, 

where VBONE is bone volume (liters), 

VBONE = 0.0289 (WBODY)'". 

Two-tenths of one percent (0.002) of VBONE 
is assigned to a surface companment of vol
ume VS whose lead content exchanges suffi
ciently rapidly with plasma lead that the two 
can be considered to be in equilibrium. This 
is the rapidly exchanging companment of 
bone mineral. 

VBONE is the outcome of continuous, age-
dependent prcxxsses of bone formation and 
resorption. The net rate of change of bone vol
ume, RVBONE (liters/day), is 

RVBONE = dVBONE/dL 

The fractional bone formation rate FBFR (1/ 
day) is 

FBFR = MINFORM -1- (ALPHAO) 

X (e-<ALPHAXAGE)) + (BETAO)(e-<«^^' '^°^') , 

and the fractional bone resorption rate FBRR 
is 

FBRR = ((FBFR)(VBONE) 

- RVBONE)/VBONE, 

where AGE is in days and the constants BETA 
and BETAO are linked to HALF and to 
WADULT (Table 1). 

Cardiac output depends on bcxiy weighL 
Cardiac blcxxi output in the adult (liters/day) 
is mcxieled as 
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QC = (QCCrXW ADULT)' ,0.74 

where QCC = 340 liters/day/kg body wt (Holt 
et ai.. 1968; Ramsey and Andersen, 1984). 

Cardiac output in the growing rat (liters/ 
day) is 

QCG - (QC) 
' WBODY \° " 
^WADULT/ • 

Ofthe cardiac output, 0.25 goes to the liver, 
0.17 to the kidney, 0.44 to other well-perfused 
tissues, 0.03 to bone, and 0.11 to other poorly 
perfused tissues. These fractions are invariant 
with bcxly weight 

Absorption and excretion of lead. The drop 
in fraaional absorption FRACT of lead from 
the gastfointestinal traa that occurs after 
weaning is mcxieled as a first-order decline to 
the adult value, 

FRACT = (O.ODd. -r (1100)(e-'°"''°^'), 

where AGE is in days and fractional absorp
tion from the dia in the adult rat is 0.01. 

Elimination of lead is considered to be 91% 
via the liver and 9% via the kidney (Aungst et 
aL. 1981; Gregus and Klaasen, 1986). Elimi
nation, is mcxieled as a funaion of maturity, 
depending on bcxiy weight in the way that car
diac output does; 

QE = (QEQ(WADULT)° '*, 

where QE is totaTelimination clearance from 
plasma (liters/day) in the adult rat, and QEC 
i.s 14 litcrs/day/kg body wt. Total elimination 
clearance from the blood of the growing rat 
(liters/day) is 

QEG = (QE) 
WBODY \° " 

WADULT) • 

No dose rate dependence of excretion is built 
into the model. 

Exchange of lead with tissues other than 
bone. Lead in plasma leaving soft tissues is 
assumed to be in equilibrium with lead in the 
tissue. Thus, for tissue i. the rate of change 
(mg/day) of the amount of lead in the tissue 
is 

RAi = (QiKCB - CBi), 

where CBi is the concentration of lead (mg/ 
liter) in venous blocxi leaving the tissue and 
Qi is the blcxxi flow rate through the tissue. 
The expressions for liver and kidney include 
additional terms representing absorption and 
excretion of lead. The amount Ai of lead (mg) 
in the tissue is given by the integral of RAi, 
and the concentration of lead in the tissue is 
Ai/Vi, where Vi is tissue volume (liters). The 
equation is anchored by the requirement that 
CBPi, the concentration of lead in plasma 
leaving the tissue, is in equilibrium with lead 
in the tissue, 

CBPi = Ai/((ViXPi)), 

where Pi is the ratio of tissue lead concentra
tion to plasma lead concentration at equilib
rium (Table 2), optimized based on data from 
the chronic study with continuous exposure. 

Exchange of lead with bone. Blocxi entering 
the bone first traverses the volume VS of rapid 
surface exchange. Lead in this region is in 
equilibrium with lead in plasma leaving the 
region, so that CBI'S, the concentration of lead 
in blcxxi plasma leaving the surface exchange 
region of bone, is: 

CBPS = (CSXVBONE/((WSKEL)(PB))). 

where CS is the concentration (mg/liter) of 
lead in surface volume VS and the partition 
coefficient PB has been determined experi-
mentaUy for skeletal tissue rather than for bone 
(Table 2). The concentration (mg/liter) of le;id 
in blood leaving t.ae surface exchange region. 
CBS. is obtained from CBPS by the equation 
relating blood lead to plasma leacL 

Lead enters the metabolically active region 
at a rate RABS (mg/day), 

RABS = (CBSKQB). 

where QB is the flow rate (liters/day) of bloixJ 
through bone. 

In the metabolically active region, lead is 
removed from the blocxl at a rate RDBone 
(mg/day). 

• 

"i 
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RDBone 

= (.-EADXFBFRKVBONEXCBPS), 

WIJ,..; the vaJ je of thi: proportionality constant 
LEAD (Tab; s 2) was established empirically 
oy obtaining the l>esL visual fit of predicted to 
observed blood and bone lead conc:entrations 
rom the chi snic study «̂'ith continuous lead 
xposure. L( ad is also added to the blcxxi in 
he metabolically :iaive region, at a rate 
.R.RBone (m vjdzy), 

RRBone « (FBRRXVBONEXCBoneAv), 

where CBoni:Av is the average concentration 
(mg/liter) of lead in bone, excluding surface 
region bone. Thus, the concentration (mg/li
ter) of lead i:i blood leaving the metabolically 
active region of hone is 

CBM = CIlS -1- (RRBone - RDBone)/QB, 

and the rate mg.'dav) at which lead leaves the 
metaboiicaily acuvc region and enters the dif
fusion rcgio I is 

I :ABM == (CBMXQB). 

The diffusion rejpon of bone is the total 
bone volumi! with tlie exception ofthe rapidly 
r 'anging surface region. It is considered to 
rt iJOmposeii of units of concentric c/Undrical 
shells. Witiiin eacti shell, lead is homoge-
neouslv disiributed; but it diffuses between 
shells and t etween canalicular fluid and the 
innermost s;iell, shell 1. The net rate (mg/day) 
of change bv diffusion ofthe amount of lead 
in fluid perusing the diffusion region is 

RABD = (J ,) ;LXVB0NE 

- VS)((RXCBonel) - (P)(CBPM))/1000. 

where CBorcl is the concentration of lead in 
shell 1. In 1 nis expression, the concentration 
of lead in fluid passing through the canalicules 
is taken to t« the same as its concentration 
CBPM (mg liter) in blocxl plasma leaving the 
metaboiicaily active region. S is the specific 
caaaliciilar :nir£ice irea (cm*/cm of canalicule 
length), anc: L is the total canalicule length per 
liter ofbon:: volume (cm/liter) (Table 1). R is 

the permeability constant for diffusion from 
bone to canalicule fluid (cm/day), and P is the 
permeability constant for diffusion from can
alicule fluid to bone (cm/day). For movement 
of lead by diffusion within bone, P and R are 
replaced by D, the diffusion consunt (cm/ 
day). D. P, and R are inversely proponional 
to bone density: 

D - DO/DBONE, 

P - PO/PBONE, 

R •= RO/DBONE. 

The values of EX), PO, and RO arc given in 
Table 2. The value of PO was visually opti
mized based on data from the shon-term 
study. 

The na rate (mg/day) of change by diffiision 
ofthe amount of lead in shell 1 is 

RABoneKdifl) = {(SXLX VBONE 

- VS)((P)(CBPM) - (RXCBonel)) 

- (DXSIXLXVBONE - VSXCBonel 

- CBone2)]/1000, 

where CBonei is the concentration of lead in 
shell i (mg/liter) and Si is the specific outer 
surface area (cm*/cm of canalicule length) of 
shell i. 

The rate of deposition of lead during for
mation and secondary mineralization must be 
added to the rate of change by diffiision ofthe 
amount of lead in each shell, and the rate of 
loss of lead by resorption must be subtraaed 
from it in order to obtain the net rate of change 
of total lead in each shell of non-sur£ace-region 
bone. The amount of lead (mg) in each shell 
is given by the integral ofthe appropriate rate 
expression, and the concentration is obtained 
by dividing by the volume of the shell. Thus, 
for shell 1, for example, the net rate of change 
of total lead is 

RABonel = RABoneKdifT) 

-r (FlXRDBonc) - (FIXFBRRXVBONE 

- VSXCBonel), 

where Fl is the volume fraction of non-sur
face-region bone occnipied by shell 1. CBonel 
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is the integral of this expression divided by the 
term (Fl) (VBONE-VS), and 

I 

C3oneAv = "Z, (FiXCBonei). 
i - l 

The concentration (mg/liters) of lead in blcxxi 
leaving the diffusion region of bone—that is, 
leaving the bone—is 

CBB = CBM -I- RABD/QB, 

and the rate at which lead leaves the bone and 
returns to the systemic circulation is 

RAB » (CBBXQB). 
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Physiologically Based Models for Bone-Seeking Hements. HI. Human Skeletal and Bone Growth. 
0 -FL^HERTY, E . J . (1991). Toxicol. Appl. Pharmacol. I l l , 332-341. A modd of skdeul and 
bone growth for the human from birth to maturity has been developed. Dry and hydrated bone. 
bone marrow, ash. and calaum are included in the modd. Growth ofthe skeleton and its fracuons 
IS expressed as a set of allometnc equations relating fracuon volume or weight to body weighL 
Blood flow rates to mature bone and bone marrow ire scaled from experimentally determined 
values in smaller animals, but bone and marrow volumes and growth pauems cannot be scaled 
directly from measurements or modds in small animals. The growth model compares well with 
measured bone wdghts. ash weights, and bone and skeletal densities in humans, its form is 
adapuWe to physiologically based descnpuon of the kinetics of bone-seeking elements, o m i 
Anr l i i i L PiCTL lac 

Development of physiologically based models 
of the kinetics of agents that persist in the 
body for long periods of time requires an un
derstanding of the dependence on growth, 
maturation, and aging of the anatomic and 
physiologic parameters that define the model. 
For bone-seeking elements, the skeleton is the 
chief determinant of whole-body kinetic be
havior. A model of skeletal growth and me
tabolism in the rat has been developed 
(O'Flaheny, 1991a.b). However, the skeletons 
of small, shon-lived animals differ in critical 
anatomic and metabolic respects from the 
skeletons of larger, longer-lived animals such 

' This work was supported by U.S. PuWic Health Service 
Grant ES04125. Portions of it were presented at the Sev
enteenth Conference on Toxicology cosponsored by the 
U.S. Air Force Armstrong Aerospace Medical Research 
Laboratory and the U.S. Naval Medical Research Institute. 
November 1987 (O'Flaheny, 1988). 

as humans. The bones of small animals are 
known to be relatively more slender than the 
bones of large animals (Schmidt-Nielsen., 
1972), so that conventional allometric tech
niques cannot be used to scale bone or skeletal 
volumes across species of widely varying body 
weights. In addition, structural remodeling of 
mature bone to relieve local stresses in re
sponse to changing demands on the skeleton, 
and to insure an adequate supply of nuinenu. 
throughout the bone volume, is an important 
feature of bone metabolism in large animals. 
Remodeling does not uke place to any sig
nificant extent in corneal bone of small, short
lived animals. Therefore, mature bone me
tabolism is quantitatively different in small 
and large animals. 

The purpose of this paper is to set forth a 
model of bcxly and bone growth for the human 
from birth to maturitv. 
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METHODS AND RESULTS 

r<JM ..„ / and T'-abecidar Bone 

The skeleton is fnxiuenily visualized as 
iiade up of ;;ortical and trabecular bone 
O'Flaheny, r;i91a). While cortical and tra-
oeculzi bone a c struaurally distinct and have 
different physical proisenies, they are essen-
lially identical c:hemically. In addition, bone 
tissue is vinuaily the ssime across species. Ma
ture bone tissu i: may b : considered to be com
posed of 70% dry bone. 2.5.5% water, and 4.5% 
volatile inorganic fractions by volume and to 
liave a density of 1.92 g/cm^ (O'Flaheny, 
1991a. Table::;. 

It is convenient to companmentalize the 
skeleton into c ortical and trabecular bone be
cause blood flow to the two regions is quite 
different: moc cling tciai blocxl flow requires 
an assumpnoii about the fraction of the skel
eton occupied by each bone type. In addition, 
since blood flo*' rate to bone is correlated with 
the magnitude of bone formation (and resorp
tion), it may IK supposed that the residence 
time of bone-!sekingelements isshoner in re
gie if high blood flow rate than in regions 
ofli* Ji'er olocxl (low rate. The premise that the 
skeleton is composed of 80% cortical bone and 
20% trabccuhir bone is based on two studies. 
In one. Gong et aL (1964) disseaed a single 
1 l.5-kg male Ixaglc, cleaned and separated the 
bones inio tn.t)ecular and conical tissue, and 
recorded the iimounis of trabecular and cor
tical ash frorr each bone and from the whole 
skeleton. Tra:>ccular bone accounted for 17°o 
of the total >"i;ight cf ash. conical bone for 
83%. In the S!xx3nd sruoy, Johnson (1964) es
timated the pirixentages of trabecular and cor
tical tissue ir human bones by morphologic 
analysis. Witii the nouble exceptions of ver
tebra and p<'rhaps fibula, his estimates are 
closely corapirabie to the values reponed by 
Gong ei al., vhich were calculated by weight 
of ash rathei ihan by weight of whole bone. 
Reference N':an iICRP, 1975) is based on 

Johnson's estimates. His bone is 20% trabec
ular and 80% cortical by wet weighL 

The Mature Skeleton 

Direct measuremenu of bone and marrow 
mass or volume in hunun skeletons are few 
and are not representative of healthy adulu 
(Mechanik, 1926). However, there are many 
published studies of porosity and density of 
whole human bones. From these data, skeletal 
density can be calculatecL Taken together with 
the mcxiel mean bone density of 1.92 g/cm^ 
skeletal density allows estimation of the frac
tional volumes and weights ofthe skeleton that 
are cxxupied by bone and by bone marrow. 

Bone porosity is generally measured as ap
parent density/real density, where 

apparent density 

_ weight of marrow-free bone 
volume of skeletal sample 

and 

real density = 
weight of marrow-free bone 
volume of marrow-free bone 

Skeletal density can be calculated from po
rosity measurements together with the densi
ties of marrow-free bone and bone marrow, 
from apparent density measurements together 
with the densities of marrow-free bone and 
bone marrow, or from bone ash weight per 
unit skeletal volume together with the ash 
weight of marrow-free bone. 

Human venebral (largely trabecular) whole 
bone has been reponed to be about 12% bone 
with a mean density of 1.85 g/cm^ (Galante 
et al.. 1970). If marrow density is 1.0 g/cm-*, 
the corresponding whole bone density would 
be 1.10 g/cm^. Ash weights of lumbar vene-
brae from mature men and women have been 
reponed between 0.15-0.25 g/cm^ (Weaver 
and Chalmers, 1966; Bartley et al.. 1966; 
Mueller et al.. 1966; BeU et aL, 1967). If the 
marrow fraction contributes nothing to skel-
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TABLE I 

THE MATURE HUMAN SKELETON. DEIINEO AS MARROW-FREE BONE PLUS MARROW 

WeighL g/lOOg body wt 
Voiune. cmVlOO g body wt 
Density, g/cm' 
WeighL g/g skeleton 
Volume. cmVcm' skeleton 

Marrow free 
bone 

7.15 
3.72 
1.92 
0.388 
0.427 

Marrow 

5.00 
5.00 
1.00 
0.412 
0.573 

Skeleton 
(without cartilage) 

12.15 
8.72 
1.39 
— 
— 

etal ash weight (Dietz. 1944), then this range 
of ash weights corresponds to porosities of 14-
24% and densities of 1.13-1.22 g/cm\ 

Direa determination of skeletal density of 
lumbar venebrae, using a photon scattering 
technique, gave values between 1.10 and 1.30 
g/cm^ for 11 human subjects (Gameti et al.. 
1973), in gocxl agreement with the indirea es
timates for trabecular bone. Measurement of 
lumbar venebral density by a displacement 
technique, with marrow replaced by water, 
gave values of 1.09-1.17 g/cm^ (Mueller et aL, 
1966). 

With the inclusion of bones other than the 
lumbar.venebra, this range of densities is ex
tended upward. Trotter et al. (1960) deter
mined apparent densities, as dry mairow-free 
bone weight/volume of skeletal sample, for a 
variety of bones from humans 25-l(X) years 
old- Apparent densities ranged from 0.3-0.9 
g/cm^ and approached 1.0 g/cm^ in a few 
samples, being lowest for thoracic and lumbar 
vertebra and sacrum, intermediate for cervical 
venebra. and highest for ulna, radius, tibia, 
femur, rib, and humerus. If the density of dry 
marrow-free bone is 2.28 g/cm^ (O'Flaherty, 
1991a. Table 2), this range of apparent den
sities corresponds to porosities of 13-42% and 
to skeletal densities of 1.17-1.53 g/cm^ The 
lower end of this range is, of course, asscxnated 
with trabecular bone and the upper end with 
cortical bone. 

Recorded values for the fiaction ofthe adult 
human bcxly cxrcupied by the skeleton vary 
widely, depending largely on what has been 

included in the skeleton by different investi
gators. For example, skeletal weight in an adult 
white female was reponed to be 20.3% of bcxly 
weight as wet skeleton with soft tissues at
tached, 7.6% as wet skeleton without soft tis
sues, and 6.5% as dry fat-free skeleton (Mcwre 
et al.. 1968). 

Reference Man has a total skeletal weight 
of 10 kg, or 14.3% of bcxly weight This figure 
is based on the work of Forbes, MitchelL and 
their co-workers (Mitchell et aL. 1945; Forbes 
et al., 1953, 1956), among others. The mean 
ash content of the four adult male human 
skeletons examined by Forbes' group was 
0.2796 ± 0.0125 g/g. If the ash content of 
mairow-free bone is taken to be 0.564 g/g 
(O'Flaheny, 1991a, Table 2), then these skel
etons would be expected to contain a mean of 
0.2796/0.564 = 0.496 g of marrow-free bone/ 
g skeleton. The aaual mean measured mar
row-free bone weight was 0.4924 g/g skeleton. 

Based on the mcxiel marrow-free bone, a 
skeleton consisting of 50(X) g marrow-free 
bone would contain 2820 g ash. 1320 g organic 
and 200 g volatile inorganic material and 660 
g bone water, along with cartilage and bone 
marrow. Direa estimates of the marrow vol
ume of the adult skeleton give values around 
4-5% of body weight (Mechanik, 1926). Ref
erence Man, with 5000 g of marrow-fipee bone, 
has 3000 g of manow. The model ofthe ma
ture human skeleton in Table 1 contains 3500 
g of marrow, or 5% of a 70-kg bcxly WL 

While essentially all the marrow ofthe hu
man newborn is red or hematopoietic red 
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:arrow in the distal skeleton is gradually re-
aced by yello'i' or fatly marrow, starting pe-
pfa y and moving toward the axial ske-
ton.'fiy adult! lood, human limb bones con-
lin little red n:iirrow except at the proximal 
ids ofthe fem L: and humerus, while marrow 
om the axial skeleton is about 75% red (Ellis, 
961). Total m:!JTOw h:ts been estimated to be 
0-50% red manrow in the adult human (Ellis, 
961; ICRP, 1975). However, under hema-
ipoietic stimiiili, yellow marrow may be 
ansformed to red nuirrow and become he-
latopoieucally zioive again, even in adult life, 
jiven the varie p̂  of influences—age, location 
nthin bone, and hismatopoietic require-
lents—that af :ea panitioning of marrow be-
veen the red i nd yellow forms, it is not sur-
rising that rei:K)ned (lercentages of red and 
ellow marrow vary widely among individuals. 

"he Growing Skeleton 

Construction ofa model ofthe growing hu-
nan skeleton is fariliuited by the availability 
jf a good data base giving measurements of 
otal skeletal ^olume, marrow volume, and 
nar -free dr;'bone v«̂ cighi in human fetuses 
mcJ<liiii«IKvboms, and by the finding that ailo-
nctric scaling with bixJy weight provides a 
;ocxl descripti:)n of the growth of skeletal 
:omponents in the rat (O'Flaheny, 1991a). 
•Vith a reliable staning point for the newborn 
ind the model of the adult human skeleton, 
t is reasonable to scaie skeletal growth allo-
•netricall', dun ng giovih to maturity. 

Trotter and Peterson (1968, 1969a.b) ex
amined a large series of 124 skeletons of hu
man fetuses 0 gesuiional age 16-43 weeks. 
They devised c quauors relating the weight of 
•he dry, manow-free skeleton to bcxly weight. 
From these equations, it can be calculated that 
dry marrow-fr:*: bone weight is 100-105 g in 
1 3500-g newborn of cither sex, or about 3% 
of bcxly weight Hudson (1965) also measured 
dry marrow-fr :r, bone weight in 16 human fe
tuses and new wms weigliing 1.3-3.7 kg. For 

the four infants whose estimated gestational 
age was 40 or more weeks, the mean weight 
ofthe dry fat-free skeleton was 2.96 ±0.17% 
of bcxly weight. Marrow and total siceletal vol
umes were detennined in the same series of 
human fetuses and newborns. Mean skeletal 
volume (in ml) in the four full-term fetuses 
was 3.38 ±0.17% of body weight (in g), and 
mean marrow volume (in ml) was 1.25 ± 
0.07% of body weighL 

Estimates of density of either the whole 
skeleton or the maiiow-free skeleton of the 
newborn were not found in the literature. 
However, matrow-free bone can be mcxieled 
with reasonable assurance by taking advantage 
ofthe reliability of measurements of calcnum 
content of whole bone ash and c:alcium con
tent of dry marrow-free bone to fix the ash 
content of marrow-free bone ofthe newborn. 

The calcium content of femoral trabecular 
bone ash from a child less than 2 years old 
was 0.379 g/g; of femoral cortical bone ash 
from the same child, it was 0.385 g/g (Dyson 
and Whitehouse, 1968). In eight samples of 
femoral and tibial bone from six fetuses 
weighing 3050-4150 g. Swanson and lob 
(1937) found a mean of 0.394 Ca/g ash. These 
values are essentially identical to the values 
for adults. 

The calcium content of dry marrow-free 
newborn human bone has been determined 
by a number of investigators. In trabecular rib 
from 11 infants aged 3-22 months, it was 
0.2439 ± 0.115 g/g (Baker et al.. 1946); in skuU 
bone from eight fetuses of gestational age 40 
or more weeks, it was 0.2455 ± 0.0026 g/g 
(MacDonald, 1954); in femoral conex from 
six pools of neonatal bone, it was 0.2436 ± 
0.0059 (Quelch et aL, 1983). Together with 
other assays, these fix the calcium content of 
the dry marrow-free bone at 0.24 g/g, slightly 
lower than the value in adults. 

If calcium is 24% of dry marrow-free bone 
and 38% of bone ash at birth, then ash is 63% 
by weight of dry marrow-free bone. As in 
smaller animals, the organic volume fraction 
of bone is essentially constant with age 
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(Mueller et al., 1966), while ash and water vol
umes are inversely related (Arnold. 1960). 
Therefore, the volume fraction of organic plus 
volatile inorganic material in marrow-free 
bone at birth can be assumed to be 0.39S, as 
it is in adulthood (O'Flaherty, 1991a, Table 
2). Based on these assumptions and the skeletal 
weights and volumes from Hudson (1965), the 
cartilage-free skeleton ofthe full-term human 
infant can be constructecL It consists of 75.2% 
by weight of marrow-free bone with a density 
of 1.79 g/cm^ and 24.8% by weight of mar
row, for a canilage-free skeletal density of 
1.50 g/cm^ 

Allometric equations for scaling skeletal 
fractions from the newborn to the adult are 
given in Table 2, and the equations for bone, 
marrow, and skeletal weight are illustrated in 
Fig. I. These equations were arrived at simply 
by scaling allometrically between the com
ponents ofthe newborn skeleton and those of 
the adult skeleton. Combined with the growth 
curves for Reference Man, the equation de
scribing the dependence of marrow- and car
tilage-free skeletal weight on bcxiy weight re
produces Trotter and Peterson's (1978) data 
for weights of 150 skeletons from males and 
females 23 days-22 years old. 

There is some indication that in humans, 
fatty or yellow marrow begins to replace red 

_ 10 I f 
i lOOY WEKIHT. k« 

FKJ. I. Simulated skeletal, marrow-free bone, and bone 
marrow weights in humans as functions of body weighL 

marrow even before binh, but quantitatively 
such replacement is minimal (Emery and Fol-
letL 1964). In view ofthe limited number of 
observations on the nature and amount of hu
man bone maiTOw as well as the readiness with 
which marrow can be transformed between 
red and yellow fractions, it is reasonable to 
mcxiel the makeup of human bone marrow 
during growth as a linear shift from 100% red 
marrow by weight in the newborn to 50% red 
marrow by weight in the adult (Ellis, 1961). 

Blood Flow to Bone 

1 
7 

TABLE 2 

THE DEPENDENCE OF THE GROWING HUMAN 
SKELETON AND ITS FRAcrnoNS ON BODY WEIGHT 

Skeletal weighL g - 58.0 (BW. kg'-")* 
Manow weighL g - 7.02 (BW. kg'*) 
Marrow- and cartilage-free dry bone weighL 

g - 22.6 (BW. kg'-") 
Marrow- and cartilage-free bone weighL 

g-29.0(BW, kg'-") 
Ash weight of marrow- and cartilage-free bone, 

g - I3.8(BW. kg'^) 
Manow- and canilage-free bone volume. 

cm' - 16.8 (BW, kg'-'") 
Bone caldum, g - 5.24 (BW, kg'-") 

' BW, body weighL 

The most reliable estimates of total and re
gional blocxi flow;; to bone are those based on 
distribution of radiola'oeled microspheres 
(Gross et al., 1981). Due to the use of radio
isotopes, this methcxiology has been limited 
to applications in experimental animals. Be
cause ofthe inadequacy of direa estimates of 
blcxxi flow to human bone, regional bone 
blcxxi flow rates are here scaled allometrically 
from the model for the rat (O'Flaheny, 1991 a. 
Table 6) to arrive at estimates for the bumim. 
Scaling regional flows per unit tissue weif̂ ht 
according to the -0.25 power of bcxiy weifjht 
gives blocxi flow estimates of 0.090 ml/min/g 
of red marrow and trabecular bone, 0.013 ml/ 
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nin/g of conical Ixsiie, and 0.026 ml/min/g 
)f V •" iw marit)w for the 70-kg human. Based 
}n. , . ie estinites, osmpartmentalization of 
;he skeleton a: in Table I, and the assumption 
iiat 50% of tcial marrow in the adult human 
s red marrow, the ske eton ofthe adult human 
:an be modeled (Table 3). Total blcxxi flow in 
Lhe human skisletai mcxiel is 4.1 ml/min/100 
g skeletal tissi.ie including bone marrow (but 
Excluding cariilage), or 5.3% of the cardiac 
output ofa 70-kg m;ile, 6.5 liters/min (Ma-
pleson, 1973) 

As pointo:; out elsewhere (O'Flaheny, 
1991a), blocxl flow rates arc roughly propor
tional to bom: fonnation rates. On the basis 
that bone blcod flows appear to subilize in 
the skeletons of aduh rats, it is reasonable to 
infer that blcxxi flow to bone is also approxi-
matelv constait in the adult human. 

DISGJSSION 

A number i:)f analyses of different kinds of 
human bone iî fiablisli that the mcxiel of ma
ture bone tissue(0'nahert>", 199la) accurately 
des*— ĥes human bone. The model is 68 J % 
asiii,,i. weight of marrow-free dry bone. Mean 
values of ash c ontent in a large number of hu
man skelaon:; drawn equally from blacks, 
whites, males, and females were 0.657-0.665 
g ash/g drv' m:.rrow-fri« bone (Trotter and Pe
terson. 1962). 

The weight fracnon of ash in the mcxiel 
marrow-free mature bone is 0.564. A mean 
ash weight of 0.S58 g/g marrow-free bone from 
nine specimens of mature cortical bone was 
reported by Woodard (1962). In another series 
of 26 specimens, Woodard (1964) calculated 
means for ash as 0.579 ± 0.009 g/g or 1.11 ± 
0.046 g/cm^ mairow-free cortical bone and for 
water as 0.122 ± 0.009 g/g or 0.234 ± 0.016 
g/cm^ marrow-free cortical bone. Melick and 
Miller (1966) measured 1.186 ± .015 g ash/ 
cm^ of tibial cortical bone from nine human 
subjects under 60 years old, and Mueller et al. 
(1966) found ash contents ranging from 1.0-
I.IS g/cm^ of marrow-free human iliac and 
vertebral bone. The marrow-free mature bone 
mcxiel contains 1.085 gash/cm^ of bone. 

The density of mcxiel marrow-free mature 
bone is 1.92 g/cm^. The densiiy of marrow-
free bone has been measured in a number of 
studies and is generally reponed to be between 
1.5 and 2.0g/cm^ Galante etal. (1970) found 
a mean density of 1.85 g/cm^ for human ver
tebral (trabecular) marrow-free bone. Mueller 
et al. (1966) observed densities of 1.86-1.96 
g/cm^ for the same bone. Robinson (1975) re
corded marrow-free bone densities up to 2.0 
g/cm^ in bone specimens taken from dogs. The 
mean density ofthe nine mature human cor
tical bone specimens examined by Wcxxlard 
(1962)Yy'as 1.87 g/cm^ 

The mcxiel of the mature human skeleton 
also compares well with published measure-

TABLE3 

Till. MATUUE SKELETON OF -rwE 70-kg MALE HUMAN, INCORPORATINC BLOOD FLOW 

Tissue 

Red marrow 
Trabecular oone 
Conical bone 
Yellow marrow 

Total 

WeighL % of 
bodv Wl 

2.5 
1.45 
5.75 
2.5 

12.2 

Weight 
(8) 

1750 
1015 
4025 
1750 
8540 

Perfusion rate. 
ml/min/g of 

fraction 
weight 

0.090 
0.090 
0.013 
0.026 

Perfusion rate 
(ml/min) 

158 
91 
52 
46 

347 
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ments and estimates. Model marrow-free bone 
weight is in Une with what has been reponed 
by other investigators as the fraction of bcxly 
weight assignable to the marrow-free skeleton, 
although the degree to which the bones have 
been freed of their water and fat contents is 
usually not precnsely definecL Ingalls (1931) 
found marrow-free skeletal weight to be about 
5 kg, or about 7% of bcxly weight, in 1(X) adult 
male skeletons. Baker and Newman (1957) 
took measurements on 115 skeletons, essen
tially without marrow, of young white and 
black men. They devised equations relating 
living weight to skeletal weight, from which it 
can be calculated that at 70 kg bcxly weight, 
marrow-free skeletal weight would be 4310 g 
in white males and 5280 g in black males. One 
measurement is available from an adult fe
male, although the subjea had sustained 
weight loss prior to her death. The total mar
row-free bone mass in this subjea was 5.0% 
of a reconstruaed body weight (Moore et aL. 
1968). If this single specimen is representative, 
females may have a slightly smaller bone mass 
per unit bcxiy weight than males. Reference 
Man has a marrow-free bone weight of 7.1% 
of body weight, and Reference Woman of 
5.9%"of body weight (ICRP, 1975). 

The amount and turnover rate of bone are 
the critical determinants of the kinetics of 
bone-seeking elements. However, it is inter
esting to compare !he skeletal model of Table 
1 with the skelaon of Reference Man, which 
includes canilage as well as bone. The total 
skeletal weight of Reference Man is 14.3% of 
body weighL or 10 kg; of this, 5 kg is bone, 3 
kg marrow, and 2 kg canilage. Forty-five per
cent of the cartilage is periarticular and 55% 
skeletal Human skeletal weights reponed in 
the literature include variable amounts of car
tilage. In the newborn, cartilage constitutes a 
significant fraction of total bone volume, but 
during the prcxxss of skeletal maturation car
tilage is gradually replaced by bone although 
some canilage persists in associaticm with the 
skeleton. 

If the model mature skeleton of Table 1 L; 
expanded to include 1500 g of cartilage, 
bringing the total weight to 10 kg. the total 
volume of the mcxiel skeleton would be 7460 
cm^ wth canilage or 6120 cm^ withouL for a 
mean skeletal density of 1.34 g/cm^ with car
tilage or 1.39 g/cm^ without These skeletal 
densities correspond to a skeletal composition 
of 35.1% marrow-free bone, 46,9% marrow, 
and 18.0% canilage by volume. A mature hu
man skeleton consisting of 20% by weight of 
trabecular skeletal tissue with a mean density 
of 1.16 g/cm^ and 80% by weight of cortical 
skeletal tissue with a mean density of 1.40 g/ 
cm^ would have a mean skeletal density of 
1.34 g/cm^. Ninay percent ofthe marrow-free 
bone volume is contributed by cortical bone 
in this model. 

Swanson and lob (1940) found that cartilage 
was 30.3 and 36.1% by weight of the total skel
eton of two fetuses weighing 3200 and 4070 
g, respeaively. With the inclusion of 33% by 
weight canilage, with a density of 1.1 g/cm^ 
(ICRP, 1975), the density ofthe model skel
eton ofthe newborn becomes 1.33 g/cm^. 

The cartilage ofthe newborn is not as fully 
mineralized as the bone, and its mineral is not 
as mature. Swanson and lob (1937) deter
mined that epiphyseal cartilage of femur and 
tibia of four fetuses weighing 3030-4150 g 
contained a mean of 10.4% ash, while the cor
tical bone contained 57.3% ash. The canilage 
ash had only 0.032 g Ca/g. less than -̂  the 
concentration in bone ash. Cartilage, therefore, 
is not quantitatively important as a determi
nant ofthe kinetics of calcium-mimicking ele
ments. 

The ash content of the mcxiel of the new-
bom skeleton, including canilage, is 0.332 g/ 
cm^; the ash content ofthe mcxiel adult skel
eton, including canilage, is 0.380 g/cm^. The 
increase parallels the increase in ash content 
of marrow-free bone, from 0.886 g/cm^ at 
birth to 1.083 g/cm^ in adulthoocL The frac
tional volume of the total skeleton that is ac
counted for by marrow-free bone is nearly 
constant during growth because the fractional 

1' 
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->s in canilage volume ofthe model skeleton 
al'-Tst compensatecj by the fractional in-
a 1 marro I vvolunie. The increase in rei
ve marrow volume is consistent with the 
ative enlargement of marrow cavities and 
inning ofthe i;:onex of long bones that occur 
iring growth. Cither banes may display a rel
ive decrease in manow volume with age. 
irtley eial.{\ :>66) devermined ash in blocks 
trabecular sk::letal tissue from the venebrae 
40 donors wl ci had been hospitalized before 
-ath. Ash waii around 0.11 g/cm^ in the 
)ungest subjects, who were less than 5 years 
d, and about 0.165 iJcm^ in subjects aged 
)-40, with several of the adult males dis-
aying a much greater degree of calcification. 
lese increase: are greater than any likely to 
: attributable lo increases in ash content of 
arrow-free bcme, suggesting that fractional 
5ne volume ir ay also have mcreased slightly 
1th age in this series. 
The relativeK high dtgree of mineralization 

"bone ofthe lewbom human is verified by 
number of independent observations. In 

:neral. skeletal ash content per unit volume 
creases rapid y to adult levels during eariy 
lildhood. then shows little or no further, 
la or may conunue to increase slowly to 
XJiii'̂ age 50 (Arnold, 1960; Weaver and 
halmers. !96<i; Bartley et al.. 1966; Mueller 
al., 1966-, Bei I et al., 1967; Currey and But-
r, 1975; Quelc h et al., 1983). The adult range 
spears to be i:ached at least by the end of 
le first decade of life. Moulton (1923) tabu-
-ted dau from the early literature suggesting 
lat the asn content ofthe human body was 
aproaching alult levels by age 500-1000 
ays. 

Bone voiumirs, and fraaional volumes of 
one and bone marrow, do not scale across 
jecies as do v:)lumes of many other tissues. 
lie prinapie of elastic similarity suggests that 
s the length cf a long bone increases with 
ody size, its diameter should increase as the 
.5 power of iti length .n order for bone cross-
rctional area ci mainiain proponionaUty to 
.ie accompanving incn-ease in bcxly weight 

(McMahon and Bonner, 1983). In this case, 
skeletal mass would be proportional to the 
4/3 power of body weighL Total skeletal mass 
aaually scales as about the 1.1 power of bcxly 
weight across species, however (Schmidt-Niel
sen, 1972, 1984), so that suppon of bcxly 
weight cannot be the only faaor determining 
skeletal volume and bone shape. 

Scaling from a 2S0-g rat to a 70-kg human 
on the basis ofthe 1.1 power of bcxiy weight 
gives an expected 1.76-fold increase in skeletal 
weight expressed as a percentage of bcxly 
weight On this basis, if marrow plus marrow-
free bone is considered to be equivalent to the 
skeleton, the percenuge 7.30 for the rat 
(O'Flaheny, 1991a) would scale to 12.8% for 
the human. Reference Man has a marrow plus 
marrow-free bone weight of 11.4% of bcxiy 
weight, and the cartilage-free human skeletal 
mcxiel of Table 3 is 12.2% of body weight, 
which represents scaling on the basis of the 
1.08 power of body weight 

If red marrow is 90% of the total marrow 
of the small animal skeleton (O'Flaheny, 
1991a), it will make up about 2.0-2.1% of. 
bcxly weight This is essentially the estimate 
(of 2.0%) for Reference Man, and it is inter
esting to note that the 2% of bcxly weight figure 
for red marrow in Reference Man has been 
scaled lineariy with bcxiy weight (Dedrick et 
aL, 1973a,b) and used successfully in several 
physiologically based pharmacokinetic models 
for anticancer drugs that a a directly on the 
marrow (Dedrick et aL. 1972, 1973b; Tterlik-
kis etal., 1977). 

This model ofthe growing human skeleton 
is formulated so as to provide the anatomic 
and physiologic basis for a model of the ki
netics of bone-seeking elements in humans 
from binh to maturity. It is not designed to 
describe bone or skeletal growth after about 
age 25-30, although it may be reasonably ac
curate to about age 40. In women after about 
age 50 and in men after about age 60, thinning 
of bone with possible net bone loss (xcurs. 
The aging skeleton will be considered in a 
subsequent paper. The model presented here 

%^̂  
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covers the period of rapid bone growth, during 
which bone-seeking elements have the highest 
probability of becoming incorporated into the 
bone mineral matrix. Accordingly, it is also 
the period during which environmental ex
posure to bone-seeking elements may be ex
peaed to have the greatest impaa on the bcxly 
burdens ofthese elements. 
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A model of lead disposition in humans has been developed. In 
additicri to liver, kidney, other well-perfused and poorly per
fused issues, the model incorporates bone as an explicit com-
panini:nt vvhose volume, composition, and metabolic activity 
are all .i;e-depi;ndent. The rates of all transfers of lead out ofthe 
blood ure related to plasma lead. The relationship between 
plasm;! lead and blood lead is expressed as a capacity-limited 
bindinij associated with the erythrcxryte. Interchanges of lead 
betwei n plasma and bone are modeled as paniaily interactive 
events linked in series. Blood traversing the bone passes first 
throuf.h. a surface region of rapid exchange before entering the 
metabolically iictive region of bone, where lead is incorporated 
with ciiicium iato mineralizing bone and returned to the blood 
with iMorbing bone. After leaving the larger vessels, plasnu 
super! isate enters the canalicules that feed bulk bone, where 
lead diffuses nidially outward into the total bone volume. Model 
simuiiitions are compared wiih d a u from epidemiologic and ex-
perimiinial dietary and inhalation studies in adults. ( i99i AO-

Th:: preponderance of the bcxly burden of lead is found 
n the bone. Whole-bcxly kinetic behavior of lead is deter
mine i largely by the balance between bone lead uptake and 
ts re ease from bone. There arc multiple mechanisms for 
bone uptake and release of bone volume-seeking elements, 
•ome of v^hich result in very long residence times for these 
elem :nts in bone. The quantitative importance of these 
slow processes leads to the need to mcxiel exposures ex
tended in ti nc and therefore to incorporate growih and 
aginj. 

' Pc rtions of this work were supported by U.S. Public Health Service 
Gram ES O-l 12.' and bv U.S. EPA Auisunce Agreement CR-815820. The 
concriis and rci ulu were presented in part at the annual meeting of the 
Sociev. of Toxicology in 1991. 

In the first three papers of this scries (O'Flaherty, 199 la., 
b. c), descriptions of rat and human bcxly, bone, and skele
tal growth and a physiologically based model of lead ki
netics in the rat from birth to maturity have been presented. 
In this paper, a physiologically ba.sed model oflead kinetics 
in the growing human is developecL and the fidelity with 
which it simulates blcxxi lead concentrations from human 
epidemiologic and experimental :>iudies is examinee! 

METHODS 

Theoretical 

GemtroL The model is qualiutively the same in iu structure and gen
eral features as the model developed for the laL Justification for the choice 
of kinetic features, and for the mathematiial formulation of bone metabo
lism and mechanisms of incorporation of lead into bone, has been given 
previously (OTIaheny. 1991a. b). The modd ooansB of Udaer. Hver. 
bone, and other well- and |xx>riy perAised tissues. Fraciionat absotpoon of 
lead from the gastrointestinal traa declines from 0.2 at birth to adult val
ues of 0.08-0.11 by age 10. Fractional absorption oflead from the lung is 
0.3 for typical panide size distributions. .Neither fraction is dependent on 
magnitude of exposure. Elimination of lead is modeled as 30% fram the 
liver and 101% from the kidney (Cliamberlain et al.. 1978). aearance is 
independent of body burden in the model. 

The model is scaled to age and to young adult body weigfat (a«e 20-25) 
using a five-parameter expremon that acsowus Car both the nviri growth 
taking place in early childhood atul the period of aocelerBted growth begin
ning at puberty. Parameter values in the growth expressioa are difleient for 
females and males. Cardiac outpuL clearances, and organ and tissue vol
umes are expressed as functions of both twdy weight and degree of matu
rity. 

Of the total cardiac outpuL 0.23 goes to the li%-er and its associated 
well-perfused tissues. 0.17 to the kidneys. O.OS to bone. 0.44 to ottier weiil-
perfused tissues, and 0.09 to other poorly pertused tissues. These fractions 
are independent of body weighL Of the total body weight of the adult the 
liver and associated tissues account for 0.04. the kidneys for 0.0083. all 
wel|.penused tissues including the liver and kidneys for O.tO. and all 
pooriy penused tissues including the bone for 0.90. These fractions ate 
dependent on body weight in children. The volume of bone is also a func
tion of body weighL 

The rates of all transtien of lead out of the blood are related to the 
concentration of lead in plasma. The relationship between plasma lead and 
blood lead is determined by a capacity-limited lead binding associated with 

N U | J i W \ / 4 ? S.'.OO 
' iiij\p till c I'*'* I hv Acutemic Prnj . Inc. 
'II ne ' It or 'irorcouciioii in anv form reserved. 
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eiMhroc us. Mosi transfeis of lead between plasnu and tissues are 
, ., .deled as i aw-lirniud exchanges. Those ttiat are not are the deposition 
oflead wiih arming bone, its muni to plasma as a result of bone resorp
tion, and its low exchange throughout bulk bone. Slow exchange oflead 
between pla< iia and tone ts expressed as a diSiision-limited process. 

\ s in the I It model intercnan«es oflead between plasma and bone are 
mooeled as iNirtuily interactive events linked in series. Blood traversing 
(he bone paiBS through a surface region of rapid, flow-limited exchange 
before entering the metabolically acuve region. The metabolically acuve 
region consi '.xi of actively grswing or resmbing haversian canaL endosieaL 
perkmeaL and trabecular surfaces of bone. Here lead is incorporated with 
caldum intii mineralizing bone and is returned to ttie blood along with 
calcium as xine is nesorbed during modeling or remodeling. The rate of 
return of ie.d to Uie tlood with resorbing bone is modeled as protxntional 
to the movi iig averag: concentration of lead in bone, which is detemuiied 
by all trans er processes combined. 

After lea< ing the larger vtaseh. plasma superfusate enters the canalicules 
that teed b illc bone. The exciunge of lead between canalicular fluid and 
bone ts cor »ptu.iiiz»i as a radiai diffusion outward from the canalicules 
into the diffusion volume of bone, which is the total bone volume with the 
exception i.i the sun'ace repoiL In the modeL radial difiiision is approxi
mated as successive difiusion-iimited exchanges among a set of concentnc 
cyiindncai iltells surrounding each canalicule. Lead is homogeneouslv dis
tributed w uiin each of the eight shells of equal thickness that compose 
the set. 

Body m-iifkt. A three-ierm expression affords a good description of 
human boiiv weight as a funcuon of age. 

39.0 

AQE. years 

FIG. 1. Growth of human female. Poinu are taken from a sundard-
ized growth charL The line is the model simulation, used to generate bone 
volume as a funaion of age. Note that the simulauon does not reproduce 
the conunuing increase in body weight after aoout age 30. since this weight 
increase is not considered to be related to fiirther bone growth. 

•«- I f 

WBODY . 3.5 + (WCH1LDXAGE)V( HALF-r AGE) 

+ WADULT/d +(KXEXP(-(LXWADULT)(AGE)))). 

where WDODY is l»dy weight (kg) at age AGE (yearsi and 3.5 kg is mean 
body weiiiht at birth. WcrHlLD is the maximum weight (kg) for the early 
hypertxilic lectum of the growth curve, and HALF b the midpoint age 
(years) for this hyfctbolic growth segmenL WCHILD and HALF define 
the rapid growth that takes place in eariy childhood. A logistK growth 
curve deiin-mined by emptricaily determined parameters WADULT (kg). 
K. and 1 and desmtbing growth during pubeny and early adulthood is 
supenmi losed. An example of use of this expression to generate a standard 
growth c,ii-ve lor males has been puWisiied (O'Flaherty. 1991). The fit to a 
sundard growth curve for females is shown in Fig. 1. 

ParaM\tier tstunMsioH. In addition to values of the fractional tissue 
voluma and blood flow nucs of coaventiooai physiologicaUy baaed mod
els, the r indd requires values for the following physiotogic panaeien: the 
five pan meters in the expcessioo for body weight as a fiancuon of age: the 
fracuona powers of body weight that determine dependence of liver, kid
ney, anil <3ther tisstie volumes on bodv weighc Ihe two panmeiets in the 
expression for bone volume as a function of body weight: the fractional 
'•oluroe of the ramdly exdianging volume of bone mineral and the frac
tional b ciod flow rate tn bone: the canalicular diameter and spaang: atul 
the thn : paraimetets in the etptession for bone formation rate as a func
tion 01 ix)dy weifihL The values ofthese growth*, bone growth-, and bone 
metabc Ism-relaied parameten are summarized in Table I. 

The paramnen in the expression relating body weight to age are 
WADl LT. IC ]_ WC>IILD. and HALF. The sum of WADULT and 
WC^I !.0 is .56 k g for women and 73 kg for men if reference growth curves 
are to I e genoated. but the \-alues of these parameters may also be chosen 
10 ref»Tiiduce sixaiic individual or group growth curves. 

Liv«!' volume and total well-pertuied tissue volume arc related to the 
0.85 p nver of body weighL and kidney volume to the 0.84 power of body 
weighi (Johnson « al.. 1978). For example. 

VL - (VLAXWBODY/(3.3 + WADULT + WCHILD))**^. 

where VL is liver volume and VLA is liver volume in the adulL 
Values of the parameters in the expression for the relationship of bone 

volume to body weight in humans have been developed in a aepame paper 
(OTlaherty. I99lc). The volume ofrapidly exchanging bonemiaenlVS is 
set at 0.2^ of total bone volume (see Oiscusnon). Blood OowraKaaboneb 
set at 5.3% of endiac output (OTIahetty. I99le). riwaHftitor diameter 
and spacing in human bone are taken from studies by Frost (1962). 

The expression for fractional bone formation rate is baaed on data from 
Bauer «r oi. (1937). These invesngatots published accretion ntcs. in g/day. 
for caldum in bone in eight individuals aged I month to 43 years, as 
ralculatfd from the ume course of caldum spenfic acuvity in plasma cou
pled with excretion of caldum and caldum tracer in unne and feces after a 
single injection of a caldum tracer. These accreuon rates are reproduced 
by a three-parameter exptcssion that links bone formation rate with body 
and bone growth. 

Tnctional bone formation rate by weight (I/year! 

- MINFORM + (ALPHAOXl - EXP(-ALPHA) 

X (RWBONE/WBONE)). 

where WBONE is bone weight (kg). RWBONE is the rate of change of 
bone weight (kg/year), and MINFORM. ALPHAO. and ALPHA are con-
nams. MINFORM is the minimum fractionai bone formation rate, wfiich 
applies to adults whose bone mass is stable. (MINFORM + ALPHAO) is 
related to fracuonal bone formauon rate at birth, and ALPHA helps to 
determine the shape ofthe relauonship of fractional bone formation rate to 
body wetghL Fractional bone fornuuon rate according to this expression is 
shown tn Fig. 2 along with the dau poinLi from the Bauer et ai. study. 

The model also m^uucs values ot certain lead-related panmeiers: frac
tional absorption from the gastrointestinal tract: fractional absorption of 
inhaled lead: elimiiuiion clearance: maximum catndty and half-satuia-
tion conceniranon for capaaty-limited btnding in the erythrocytr. para-
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TABLE 1 
Physiological Parameters 

i^ 'p 

Body x.right 
WC IILD 
HAI F 
WA :)ULT 

K 
L 

Tissue volume 
AlloiTietnc exponenu relating 

jrowih to WBODY 
VL, liver volume, liters' 
VK, ludnp' volume, liters' 
V'^T. total well-perfused 

tissue voumc. hten' 
V HON EL bone volume. 

liters^ 
\AflONE. lone mass, kg* 

VS. ripidly exchanging 
Sl rface bore volume, liten 

Bone iirowih 
Mini-ORM 
ALI'HAO 
ALPHA 

Bone iti-uaure' 
Can;iiicule spaang 
Speitiic canajiicule sur&ce 
Spe:ific total canalicule 

length 

22kg(female):23kg(malei 
3 \ears 
34 kg (female): 50 kg (male) 

(for sundartlized growth 
curves) 

600 
0.017 yearvkg (femaler. 0.0093 

years/kg (male) 

0.83 
0.84 
0.83 

1.02 

1.21 
(0.002) (VBONE) 

0.1/year 
4.6/year 
0.35/year 

8*im 
3.1 X 10~*cm-/cm length 
2.0 X I0» cm/liter bone 

•Jolinsonwiy. 11978). 
•0'l-lahenyil99lb). 
'Fr:)si(l962i. 

lion c^Mifidenct for lead in nonbone tissues and in the surface region of 
bone: tractional clearance of lead from plasma into forming bone: and 
restnc.ixl permnbilliv coeffidents for diffiision oflead within bone, from 
plasira into bone, and from bone into plasma. The values ofthese parame
ters ai e given in Table 2. 

Fra:iional al>sorpuon from the gastrointesunal traa is modeled as a 
tirst-G ixler dedine from 0.30 at birth to 0.23 at age i years to an adult value 
of 0.0 H (see Diicusswnl. 

Fift y percent absorpuon of inhaled ambient air lead is assumed. This is a 
defau 1 value iliat can be more precisely tuned to retlea partide size and 
chem cal makeup of the inhaled leadlChamberiainrtoy.. 1978). Potential 
gastrc intestinal upuke of inhaled and swaUowed lead is not considered. 
Then is evidence i Rabinowttz <( a/.. 1977: Gross. 1979) that gastrointesti
nal u|iuke of ir haled lead is signihcam only when aerosols of large particle 
size a e respired, and even then is not measurable in all cases. Rate of entry 
of leal into th: lung air st>ace is calculated as respiratory rate times the 
conct ntraiion ot liad in air. Respiratory rate is modded as proportional to 
ihe Ic ;:inthm ot body weight (Johnson i.i al.. 1978). 

Th' elimination clearance oflead is 15 liters plasma/day in a 70-ks adult 
I Man on and Malloy. 1983). This is 8.5^ ofthe glomerolar filtration rate, 
whicli I n turn is allometncally related to body weight with two apparenUy 
differ ni slopes dunng growth to adulthood (Johnson et al.. 1978) (Fig. 3). 
The I liminaticn clearance of lead in infants and children is lower (see 
Disa 5:iionl. 

Values ofthe maximum binding capaaiy BIND for lead in human eryth
rocytes and of the half-saturation concentrauon K.BIND are based on the 
plasma lead/blood lead dau of DeSilva (1981) as published by Marcus 
(I98S) (Fig. 4) and the plasma lead/blood leaddauof Manton and Malloy 
n983) and Manton and Cook (1984). These values are not adjusted for 
age. but dependence of hematocnt on both sex and age (Johnson et al.. 
1978) is incorporated. 

Initial values of partition coefficients for lead in nonbone tissiies and in 
the sun'ace region of bone, of fractional clearance oflead firom plasma into 
forming bone, and of the three restnaed permeability ctteAdents of diffu
sion were all taken directly from the rat modd (O'Flaheny, 1991b). They 
were adjusted, in most cases only slightly, during the course of working 
with the human modeL 

SIMULATIONS 

Epidemiologic Studies 

The literature on human lead exposure is voluminous. It 
is not possible to compare model simulations with all rele
vant dau sets relating lead exposure to blood lead. Model 
simulations are illustrated for the conditions of those stud
ies that are historically the major experimental and epidem i-
ologic studies oflead kinetics. 

In simulating the results of studies in which ambient air 
lead is not reported, current levels in the United States are 
taken to be 0.5 ng/m^. whereas levels in the Glasgow studies 
and in the United Sutes in the 1960s and early 1970s are 
assigned values up to S Mg/m'' (Goldsmith and Hexter. 
1967: Tepper and Levin. 1975). Controlled or occupational 
exposures to lead in air are superimposed on ambient air 
exposures as time-weighted averages for these simulations. 

Current estimates of dietary lead in the United States 
range from 50 >tg/day to as low as 10 fig/day. However, in 
the 1960s and earlier, when the Kehoe studies and others 

400 

300 

200 

100 . 

FIG. 2. Fracuonal bone formation rate as a funcuon of age. Data 
points are taken from Bauer « a/. (1957). The line is the modd simulation. 
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TABLE 2 
Parameters Related to Lead 

2 0 0 

*H«P ' 

Paniuoniiig in blood 
BIND 
KBINC 

Pattitioni ig between blood plasma 
and tisana 
PL (livrn 
PK. (kidney) 
PW (oilvrr wdl-fierfused tissuesi 
PBIbOIK!) 
PP fotlicr pooriy perfused tissues) 

Metaboli.silly acu^T region of bone 
LEAD, rraoionai clearance of 

lead into forming bone 
Oiffusioii ixgion of bone 

DO. r:stricted (letmeability 
coellident for wi thin-bone 
mo<<cment 

RO. r:atncted permeability 
coeihdem for bone-io-piasma 
transfer 

PO. r»tnaed ixrmeability 
coc fideni fcr plasma-io-bone 
traisfer 

AbsoTO'ion 
Fraaional absorption from 

mixixl foodiiufis in CI traa 
Frac lonal absorpuon of ambient 

ail lead in lung 
Elimin:iiion 

Cleaisince oflead from plasma 

2.7 mg/liter red cell volume 
0.0015 mg/liter red cell volume 

100 
100 
100 

1000 
20 

13U)00 liten plasma cleared/liter 
new bone formed 

I X I0~' cm/day/unit distance 

I X I0~' cm/day/unit distance 

0.08 cm/day/unit distance 

Variable with age: see text 

0.3 

Variable with age: see text 

/Vor<'. See test for derivaiion of panmeter values. For definition of 
terms, see OTlaherty (1991b). 

(see oelow) were carried out. dietary lead intake was 200 
^g/d;iy to as much as 300 ug/day. Therefore, in simulating 
the results of eariy studies in which dietary lead is not re
port :»1. intaice oflead from food is usually set at about 200 
Mg/c ay depcrnding on the date ofthe study. 

Dietarv iead. Several studies oi the rriafiomhip of 
blCKicl lead \o drinking water lead have been carried out in 
Sco land in regions where acid (plumbosolvent) water was 
foniterly found in conjunction with lead pipes. In the earli
est )r these, Moore ei aL (1977) expressed lead concentra-
liotis in terms of the cube root of first-draw water lead in 
945 blo<xl samples, 

PbB ((tg/dl) = 11.2 -I- 2.37 (DWL)"\ 

whi;rc DW L is drinking water lead in ag/liter. The curve is 
sh(i\vn in Fig. f with the model simulation superimposed 
for a 20-y(̂ ar-oid man who has drunk water with the stipu-
iatiiii lead concentration throughout his life. In keeping 
wi ih the authors' intercept of 11.2 n% lead/dl blood at DWL 
= 0. the simulation includes a constant (adult) rate of ab-

100 

BODY WEIGHT, k « 

FIG. 3. Glomerolar filtration rate as a function of age. Data points are 
from a variety of sources as tabulated in Johnson «r oil (1978) (•)aad firom 
Rubin et al. (1949) (O). The line segmenu are linear legieaiuus through 
dau for body wdght less than or greater tfian 10 kg. 

sorption from all other lead sources of 47 »ig/day, which 
would be equivalenL for example, to 225 ^g of dietary lead/ 
day and an air lead concentration of 4 n%/w?. 

in a study in Ayr, Scotland. Sherlock et aL (1982) also 
used the cube root of drinking water lead to describe the 
relationship of blood lead to water lead in 31 adult women: 

ISO 

Blood lead, /ig/dl 

FIG. 4. The relationship between plasma lead and blood lead. Data 
points are from DeSilva (1981) as shown in Marcus! 198Si Curve A is the 
modd simulation. Curve B is Marcus' fit to the data, naiiig a no-imenxpt 
modd(Marcus' Modd 4) consistem with the concept ofa maximum eryth
rocyte binding capaaty for lead. 
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Drinking water lead, f i q l l 

FIG. :i. Simulation for the conditions of Moore et ai. (1977). Curve A 
IS the m Kid simulation for a 20-year-old man dnnking water containing 
the stipi lilted leaci concenmnon throughout his life, with (adult) absorp
uon of 4 ' ug lead/dav from all other sources. Curie B is a plot of the cube 
-001 equ:i;ion seieaed by the authors to represent their data. 

300 

Werkplaee air lead, f ig /m^ 

FIG. 7. Simulation for the conditions of Willianu et al. (1969). Curve 
A IS the model simulation for a 30-year-old man exposed from age 20 to 
age 30 to the range of workplace air lead concentnuons shown, with other 
sources of lead set at 50 Mg lead/liter of drinking water and 214 Mg lead 
ingested/day from other dietary sources. Curve B is drawn through the 
Williams et al. dau points. 

*il »' 

PbB (Mg/dl) = 4.7 + 2.78 (DWL)"'. 

The a ithors point out that in this group of women, the 
coniri Dution lo blood lead from nonwater sources appears 
to be relatively small. Their curve is shown in Fig. 6 to
gether with the model simulation for a 30-year-old woman 
who has been drinking water 'tvith the stipulated lead con
centration for 10 years. For the simulation, absorption of 

Drinking water iead, ^ig/l 

FICi. 6. Simulation for the conditions of Sherlock CT a/. (19821. Curve 
>, IS I (: model simulation lor a 30-year-old woman dnnking water con-
lamini; the ranae oi lead concentrations shown from age 20 to age 30. with 
13duli ibsorption of 26 Mg/day from all other sources. Curve B is a plot of 
ne ci be root equation selected by irte authors to represent th«r data. 

lead from nonwater sources was set at 26 Mg/day, equivalent 
to an air lead concentration of 2 ̂ ig/m' and a dietary intake 
of 150 Mg/day. 

Air lead. Like the dietary lead/blood lead relationship, 
the air lead/blood lead relationship is curvilinear. Snee 
(1981) reviewed 17 studies ofthe reiationship of blood lead 
to air lead. Of the studies in which penonai air lead 
samplers were used to estimate exposure, the one by Wfl-
liams et aL (1969) is notewonhy because some ofthe sub
jects were occupationaily exposed to air lead levds as high 
as 300 Mg/m .̂ Length of employment was such that the 
subjects can be presumed to have been at an approximate 
steady-state reiationship of blood lead to air lead. Figuie 7 
shows the model simulation superimposed on a curve 
drawn through the Williams et ai. dau points. The simula
tion is for a 30-year-old man employed for 10 years in a 
lead-related job. Air lead concentrations entered into the 
simulation were time-weighed averages assuming that 40 hr 
per week were spent in the workplace and that the remain
ing time was spent in ambient air containing 3 tt% lead/m*'. 
Background exposures for the simulation were set at drink
ing water lead. 50 ^g/liter. and other dietary leacL 
214 Mg/day. 

Azar et aL (1975) also used personal air lead samplers to 
estimate the integrated average air lead exposure of 30 sut»-
jects from five different geographic locations and wori:-
places. The highest exposure was of cab drivers in Los An
geles, to an average of about 6 itg/m*. In Fig. 8 the model 
simulation for these average air lead concentrations is su-
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Average air i ead , ^ 9 / * " ^ 

FIG. !t Simulation for the conditions of Aar et al. (1975). The curve 
IS the IT 3del simulation for a 30-year-old man exposed from birth to the 
range ol a mbient air lead concentnuons shown, with other sources of lead 
set at 5(' ug lead/liter of drinking water and 190 Mg lead ingested/day from 
other diKtary soui-ces. The dau points are anihmeuc means of group blood 
lead concentraucns as raloilaird by Chamberlain (1983). Standard errors 
are shown. 

peritn posed on the group average blood lead concentra
tions iL'i calculated by Chamberlain (1983). The simtilation 
is for 11 30-ye:u--old man. For the simulation, lead intake in 
food 'î as set at 190 Mg/day and drinking water lead at 50 
Mg/liti::r for ail groups. 

One interesting group of subjects for whom a general un-
derstnnding of blood lead behavior has been developed 
(O'Piherty, 1986) is those workers with long teniuv in 
lead-related jobs, who were removed to low lead-exposure 
job locations shortly after institution of the medical re-
mov:J mandate ofthe iead sxandaid ofthe Depanment of 
Labor, (^caipationai Safety and Health Administration 
(U.S Dcpaixment of Labor, 1978). Typically, the blood 
lead concentrations ofthese men were 55-60 Mg/dl or even 
hightrr at the time of medical removal: they fell to values 
bctv een 'W and 50 Mg/dl v«thin 4-6 weeks and then contin
ued I () decrease so slowly that the further rate of decline was 
aim )st imperceptible during the 18-month removal period. 
Rgi.re 9 illustrates simulated blood lead behavior for a man 
bom in 19:0. employed from age 20 in a setting where he 
was exposed to 84 Mg lead/m^ of air in the workplace, and 
plac ed on rneiiical removal, with no lead in workplace air. 
at a;;« 45 afi er 25 years in the same job Icxation. The Simula-
lior is of this man's blood lead concentration during the 
firs: 18 monins after being removed from high workplace 
leac. exDosure. l.t is apparent that the model predicts the 

kind of blood lead behavior that was observed. It also pre
dicts that only about 4% of total skeletal lead will have been 
lost within the 18-month removal period. Ten years after 
removal. 26% of total bone lead is predicted to have been 
lost Blood lead concentration would be 34 ug/dl at this 
time. 

Experimented Studies 

Dietary lead. Studies in which lead has been ingested 
under controlled conditions by human subjects are few. 
The early, long-term studies by Kehoe (Gross, 1979) were 
principally inhalation exposures, but four subjects did in
gest measured dietary supplements of lead daily for up to 
1100 days as lead acetate in solution taken with the three 
main meals. Exposure data and pre- and postexposure 
blood lead levels are listed in Table 3 for these subjects 
along with simulated values for individuals ofthe same sex. 
age, and weighL 

Cools et al. (1976) administered lead acetate for 49 days 
to 11 male subjects at rates calculated to sustain blood lead 
levels at about 40 Mg/dl. Daily doses were adjusted down
ward at fairiy regular intervals during the course of the 
study in order to achieve a rapid blood lead rise to 40 Mg/dl 
followed by its maintenance at that level. Figure 10 shows 
the model simulation for the exposure conditions of the 
Cools et aL study along with the study results. Ages and 
weights ofthe study subjects were not given: the simulation 
is for a 25-year-old, 73-kg male with ambient lead exposure 

4S.0 4 6 . S 

RG.9. Simubiionofbloodleadconcenirationduring 18-monthmed-
ical removal in a man employed for 25 years in a lead-related job. See ti;xt 
for details. 



ELLEN J. O'FLAHERTY 

TABLE 3 
TJie Kehoe Balance Experiments 

Subject 

EB 
MB 
MOB 
PB 
SB 
FC 
LD 
IF 
DH 
NK 
HR 
MR 
JOS 
JUS 
SS 
SW 

Exfost re 

Oral 
Inh 
Inh 
Inh 
Inh 
Inh 
Inh 
Oral 
Inh 
Inh 
Inh 
(>al 
Inh 
Inh 
Inh 
Oral 

Simulated and (obser\'edi blood lead. Mg/dl 

Preexposure 

28 (27) 
24 (24) 
21 (26) 
22(23) 
18(21) 
22(22) 
20(18) 
23 (27) 
17(23) 
23(20) 
18(21) 
18(36) 
19(21) 
24(21) 
18(19) 
21(40) 

End of 
exposure 

38(60) 
35(40) 
40(39) 
34(33) 
40(32) 
36(—> 
45(41) 
49(46) 
24 (28) 
23 (26) 
22(27) 
44(53) 
44(46) 
37 (32) 
27 (29) 
29 (39) 

End of 
postexposure 

33(34) 
26128) 
24 (27) 
28(32) 
22(20) 
26 (20) 
23(23) 
26(40) 
19(27) 
23(23) 
— (—) 
— (—> 
23(27) 
26(19) 
26 (37) 
23(25) 

today, contain a rich fund of information about the time 
dependence of blood lead concentration changes during 
and after prolonged lead exposure. Table 3 gives the preex
posure and postexposure blood lead concentrations for the 
Kehoe inhalation subjects, as well as the simtilated values 
for subjects of the same sex. age, and weight. Study periods 
involving dietary manipulation are not considered. Simu
lated background exposure was to drinking water lead of 50 
Mg/liter and air lead of 3.5 Mg/m'. Food lead was assayed: 
reported values are entered into the simulations. 

of 2 Mg/nî  of air, 30 Mg/liter of drinking water, and 290 Mg 
from other dieiary sources per day. 

The most precise study of ingestion of lead by adults 
under controlled conditions was carried out by Rabinowitz 
et aL (I :i76). An isotopically altered lead was substituted for 
the usual dietary lead of the study subjects in such a way 
that total dietary lead intake was approximately constanL 

' ' The stable isotope mix was administered for up to 124 days, 
and the men v/ere followed for up to 303 days thereafter. 
Figures 1 la - l ' d compare observed tracer lead concentra
tions with model simulations for four ofthe five men (the 
fifth reixived the isotope mix for only I day). Simubtions 
are sea. cd to the subjects' ages and body weights. Exposure 
10 the I racer is considered to be zero prior to its controlled 
admin: Ttratior. 

Air kad. In the largest of the published studies of con
trolled air leatl exposure. Kehoe (Gnm. 1979) monitored 
blood litad concentrations in 12 subjects (11 male. I female) 
who siT'snt 8 hi'/day in a specially construned chamber that 
aljowe-1 them to perform employment-related tasks while 
breath ng air conuining lead sesquioxide aerosols at con-
centra' ions up' to 65 Mg/«n̂  (time-weighted average) for up 
to 772 days. Follow-up periods extended to 702 days. Some 
siibjcc;s were studied during several sequential exposure pe-
nods. ome of which involved dietary manipulation. These 
studicii. beg;un in 1937 and concluded in 1971. are the earii-
ê t an I still the most complete experimental human lead 
etposi.re studies. Although blood lead assays were neither 
as precise nor as accurate at the time ofthe Kehoe studies as 
they aic now. these studies, which could not be duplicated 

DISCUSSION 

Model Development 

The three-term expression affords a good description of 
human body weight as a function of age. The advantages of 
scaling both to age and to young adult body weight have 
been discussed (O'Flaherty, 1991 a). It is important to point 
out that for the purpose of modeling skeletal growth, this 
expression reproduces human growth curves only to ages 
20-25. Skeletal growth is considered to be complete by this 
age; further increase in body weight is not accompanied by 
an increase in model skeletal weight as illustrated by the 
logistic and aaual growth curves for females after age 30 
(Fig. 1). After about age 50 in females or age 60 in males, 
the volume of bone tends to diminish slightly. Skeletal 

Day off s t u d y 

FIG. 10. Simulation for the experimental conditions of Cools et al. 
(1976). The smooth curve is the model simulauon for a 23-year-okl man 
given daily doses of lead acetate at vatiatile rates over a 49-day period. 
.Ambient lead exposure for the simulation is 2 Mg lead/m' of air. 30 Mg 
lead/liter of drinking water, and 290 Mf; lead/day from other dietary 
sources. The segmented curve Is drawn baween mean Mood lead concen
trations from the Cools et al. study. Lead dose was adjusted after each 
blood lead concentration measurement. The range is shown for three of 
the means. 
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Subiect A 

104 

Day o( experiment 

365 

J 

124 

Day of axpariment 

366 

Mikt 

365 182 

Day of •xpvrimMt Oay • ' •xaM-MRMi 

FIG. 11. Simulations for the expenmental conditions of Rabinowitz ei aL (1976). Four study suiqeca are shown. Data points are tndividuai 
> oncer trauon it easurements from the Rabinowitz et al. study. The curves are the model simulations for the four subjects, run for each subjen's actual 
jge. wiighL and measured dietary lead, with a stable lead isotope substituted for a poruon ofthe dietary lead during the periods shown. Drinking wattr 
ead fc r these siinulauons was set at SO Mg/liter. 

chani '̂̂  in oider adults are not incorporated into the model 
prcstrited here. They will be the subject of a subsequent 
publication. 

Giuitromtatinal absorption oflead by healthy adults in
gesting mixed diets is 4-11%. with a mean probably around 
8-9'i (Rabinowfitz et ai.. 1980: Chambcriain et a i . 1978: 
Watiwn er ai. 1986). Dietary absorption oflead by children 
is gr:;:iter. Alexander etai.d 974) estimated that about 50% 
of tlie iead was absort)ed from normal diets in 11 healthy 

children 3 months-8.5 years okL Since endogenous fecail 
excretion was not considered in this balance study, the 
value of 50% is a minimum. Adjusting the published data 
on the basis that 70% of excreted lead is in the urine and 
30% in the bile (Chamberiain et al.. 1978), the percentage 
absorbed becomes 66%. Zicgler « al. (1978) performed sim
ilar balance studies in 12 normal infants and young chil
dren 14-746 days old. Their estimate oi percentage al> 
sorbed. 42%. becomes 47% when the raw data are adjusted 
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FIG. 1;:. .Measured unnary lead excreuon as a function of blood and 
serum ie:.il concentrauon in a single adult male (Manton and Malloy. 
I9S3). T)>e lines aie linear regressions through (—) the serom d a u and 
I ) th: blood diiu and represent clearances from these media. 

for endogenous excretion of lead. In the present model, 
fractior ai absoiiition oflead from the gastrointestinal traa 

^ is set ai 0.50 at birth: it declines slowly up to about age 2 
years, t len moire rapidly during childhood to approach the 
adult Ic vd of 0.08 by ages 8-10 years. 

The cite of urinary excretion of lead is not directly pro-
ponioral to blood lead concentration (Selander and 
Crame:. 1970: Manton and Malloy, 1983: Chamberiain. 
1983). Review of representative studies suggests that uri
nary clearance oflead from the blood of adults may be as 
low as ).06 liters of blood/day at low blood lead levels and 
approach a hii;h of 0.25-0.30 liters of blood/day at high 
blood I isid levels (Seiander and Cramer, 1970: Griffin ei al.. 
1975:1 Labinov̂ ritz et al.. 1976: Manton and Malloy. 1983: 
ChamlxTlain. 1983: Assennato et al.. 1986: Araki et aL. 
1<387: ie et ai.. 1988). While this behavior might suggest 
saiurat;le reabsorption oflead from forming urine, consider
ation ct the n:lationship between blood and plasma lead 
favors mother interpretation. In Rg. 12. measured urinary 
lead ê  :retion rates in a single adult male are plotted against 
blood ;i nd serum iead concentrations from the same subjea 
(Mam in and Ivlalloy. 1983). The excretion/blood lead data 
sugges: a threshold for urinary excretion of lead, but the 
e.xcreti Dn/s<;rum lead data do noL The straight line of best 
h: thnugh the excretion/serum lead data intersects the 
serum lead axis very near the origin. Its slope, the clearance 
ot leac from serum in this individual, is 11.7 liters/dav. 

independent of the concentration of lead in serum. Renal 
clearances oflead from plasma of 7-50 liters/day have been 
reported (Chamberiain ei al.. 197S). Manton and Cook 
(1984) determined renal clearances oflead from serum in 
13 adult human subjects, finding a range of 7.2-31.7 liters 
of serum/day with no dependence on serum lead concen
tration. It therefore appears that the apparent concentra
tion dependence of urinary clearance oflead from blood is 
due in large pan to the disproponionality in the plasma 
lead/blood lead reiationship. 

Urinary clearance of lead from plasma is only a fraction 
ofthe glomerular filtration rate, 180 liters of plasma/day, in 
the healthy adult human male, so that either plasma lead 
itself is not freely filterable at the glomerulus or a portion of 
the filtered lead is passively reabsorbed (Manton and Cook, 
1984). Extensive reabsorption of filtered lead, without indi
cation of capacity limitation, has been shown to occur in 
dogs (Vander et al.. 1977). 

Gearances oflead from blood in children with blood lead 
concentrations up to about 20 ag/dl (Alexander « a/.. 1974; 
Brockhaus et aL. 1988) are lower than clearances at low 
blood lead concentrations in adults. Gearances estimated 
from blood and urinary lead concentrations in these studies 
in children up to about age 9 are 0.045-0.06 liters of blood/ 
day. slightly below the range of adult values for the same 
blood lead concentration range. Gearance of lead from 
blood of infants appears to be even lower. The lead intake 
and excretion data of Ziegler et aL (1978) and Ryu et al. 
(1978) for 3-month-old infants, when combined with the 
lead intake/blood lead relationship of Sheriock and Quinn 
(1986) for infants of the same age, suggest clearances of 
0.015-0.04 liters of blood/day. 

No information on age dependence of clearance oflead 
from plasma was found. Without such information, it is not 
possible to determine to what extent age dependence of 
partitioning of lead between plasma and red cells and age 
dependence of excretion mechanisms themselves contrib
ute to the age dependence of clearance oflead from blood. 
In the modd presented here, a^e depetKknoe of dearance 
of lead from plasma is arbitrarily assigned entirely to excre-
don mechanisms. If. in infants and children as in adults, 
about 0.5% ofthe lead in blood at low blood lead concentra
tions is in the plasma, 0.015-0.04 liters of blood/day would 
be equivalent to 3-8 liters of plasma/day. The glomerular 
filtration rate in infants from binh to 3 months (5.5 kg) is 
about 3 to about 15 liters/day (Rg. 3). Therefore, clearance 
of lead from the plasma was modeled as 100% ofthe glo
merular hltration rate at binh dei:lining to 8% of the glo
merular filtration rate in adulthocd. 

Values of from I: I to 3:1 have been reported for the ratio 
of urinary lead clearance to fecal lead clearance in adult 
humans (Chamberiain rt aL. 1978: Campbell et al.. 1984). 
Ishihara and Matsushiro (1986) have reported that excre-
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lion of ead in the bile is higher than its excretion in the 
inne ar a. have ;iuggested that enterohcpatic reabsorption of 

' '" lead IS rnobablv significanL In the present model. 70% of 
loial lea d clearance is assumed to be into the urine and 30% 
into the feces, tor a ratio of 2.3:1. 

The rnaiheiratical formulation of human bone metabo
lism IS 'lualitattvely identical to the formulation developed 
for the niL It has been argued that because ofthe near ab
sence a I'secondaiy remodeling of cortical bone, mature rat 
bone is not an acceptable surrogate for the study of metabo
lism of maturr human bone (Frost. 1976). Remodeling of 
matuR bone is different from the modeling of growing 
bone t L3t uikes place in all spedes. In remodeling, resorp
tion and deposition of bone tend to be closely linked both 
spatially and temporally, and net bone formation rate is 
close t) zero. In the cortical shafts of long bones, the remod
eling r rocess forms osteons, roughly cylindrical subunits of 
bone :>hysicaily separated by cement lines which are not 
crosse;! by blood vessels. The osteons lie with their long axes 
appro'umately parallel to the long axis ofthe bone. Each 
osteon contains a haversian canal with its blood vessel: os
teons are also known as haversian systems. Smaller canals 
and ciinalicuies radiate from the haversian canal, carrying 
nutrients to osteocytes. bone cells embedded in the mineral
ized t:one tis:;ue. 

Osi eons are not formed to any significant extent in trabec-
^ ,̂ , ular bone. Trabecular bone is structurally distina from cor

tical bone, being in the form of plates and struts that are 
presi.rnably sutfidently thin not to require osteons for sup
port of osteocytes. It is found in the metaphyses and epi-
physi:;; of long bones and at the endosteal surface of the 
diap lyses of mature long bones, as well as in other bones 
such as venebrae. Remodeling occurs at the surfaces of tra-
beci' liir bone. Osteons also are not formed to any signifi
cant extent in conical bone of small animals such as the rau 
In Sl lail. shon-lived animals, the need to relieve local bone 
streses and to maintain a population of healthy osteocytes 
mw)' IK met entirdy by surface mnodding processes, which 
do (!<rur (Baron et al.. 1984). 

Fi-om a kinetic point of view, this spedes difference in the 
majMiitude of secondary remodeling processes is only quan-
titaiive. The potential for bone resorption and accretion of 
nev. bone is present in all spedes. The magnitude and age 
dependence ofthese processes are variable with spedes. and 
the (Titiiral speces differences are refleaed in the model in 
the values 3f the parameten in the expression for bone for
ma ii.on rate as a funaion of age. Thus, it is the quantitative 
balance among opposing processes, not the nature ofthe 
pnx«ss(» i.hemselves. that determines the age detxndence 
of Ijone metabolic activity in different spedes. In the same 
w2 y. it is the balance among opposing processes of iead 
upiiike ini.o bone and lead removal from bone that deter

mines the effea on body burden of exposure to lead at dif
ferent ages and for different lengths of time. 

Bone metabolic activity, as modeled, is determined by 
the bone formation rate expression in conjunction with the 
expression for total bone voiume as a function of body 
wdght The bone formation rate expression is to be ex
pected to reflea a combination of bone growth, bone model
ing, and bone remodeling activity. Qualitatively, therefore. 
the dependence of bone formation rate on age should be 
essentially the same in all spedes. Quantitatively, it will be 
quite different in small animals and in humans. Much of 
the ultimate utility of this model will lie in the fidelity ynih 
which the mathematical description of bone formation rate 
reproduces aaual whole-skeletal accretion rates. Conse
quently, it is not entirely satisfaaory that this expression is 
based on very limited experimental information about 
whole-skeletal metabolism during infancy, childhood, and 
adolescence. 

In addition to the observations on which the expression 
illustrated in Rg. 2 is based, there are estimates of bone 
accretion rate in human adults up to about age 60 years. 
These range roughly from 7%/year to 15%/year. with an 
average value of about 10%/year (Bauer et al.. 19S7; Cohn 
etal.. l965:Neer«fl/.. 1967). No dependence on age in this 
age range is suggested by the data. In the modeL minimum 
fractional bone formation rate is set at 10%/year (Table 11. 

In the model the assumption is made that bone removal 
by resorption during remodeling is a random process; that 
is. that it is as likely to occur in recently formed bone as in 
older bone. It would be reasonable to suggest that older 
osteons might be removed in preference to newer ones, but 
there is no evidence to suppon this premise. The assumed 
randomness of bone remodeling is not correa in at least 
one respect: circumferential lamellar bone lying just below 
the periosteal surface does not normally panidpate in sec
ondary remodeling processes, but persists from final bone 
growth well into old age. 

A critical determinant oflead kinetics, to which the pre
dictions ofthe modd are exutmdy aeosmve. is the parti-
tioning oflead between plasma and red cells. All nonlinair-
ity in relationships between blood lead and exposure in the 
model is assigned to the capadty-limited binding oflead in 
erythrocytes. While the plasma lead/blood lead data sets on 
which the modeling of partitioning is based are reasonably 
complete for adults, no information on partitioning is avsiil-
able for infants or children, in addition, interindividual vari
ability in this and other potential binding characteristics of 
lead could be an important source ofthe wide variability in 
blood lead levels characteristic of groups of subjects with 
comparable lead exposure. Lead is bound partly to the 
plasma membrane ofthe erythrocyte and partly to hemoglo
bin. An inducible low-molecular-weight erythrocyte lead-
binding protein has been reported (Raghavan et aL. 1980: 
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Lolin arci O'Gorrnan. 1988). and lead-binding proteins 
have been identified m kidney and brain of rats (Goenng et 

I.. 19861. 
I t,. -

Simuiati ons 

The r lany sources of lead exposure include air. diet, 
drinking water, and ingested dust and soil. The relative 
magnituides of these sources shift with age and are depen
dent on occupation and lifestyle. In early infancy, the 
child's c iet is essentially its sole source of lead (Ryu et al.. 
1983). Mouthing behavior begins at about age 6 months 
and peaks at around 9-15 months, after which it declines 
gradually although it continues throughout eariy child
hood. Mouthing irsults in exposure to lead in household 
dust arm to Icachable lead from the objects that are 
mouthed, exposures that are augmented in some children 
by pica liie eating of nonfood materials. The shift from a 
prcdom inanily indoor lifestyle to outdoor play occurs at 
around iges 4-S and is accompanied by exposure to lead in 
soil anc, ambient air. Diet is changing throughout this pe-
nod and chanf;es further once the child enters school. In 
addition, sources of lead exposure may be correlated with 
one ancither to some extent—for example, air and dust lead 
or water and food lead—so that exposures from media 
other tllan the one being sampled may not be constant over 
the sannphng range. Geariy. it is difficult to construa an 
"averafie" lifet me exposure pattern, even for an individual 

iHiipiwithoui direa or indirea occupational exposure. Nonethe
less, in the examples illustrated here, lifetime exposures 
have b(«n simulated so that the ezperimeataL cavironmeB-
taL or occuparionai expostire is superimposed on reason
able bone and blood lead levels for the age of the subjea 
and daia: of the study. In the 1960s and eariy 1970s, when 
many studies of relationships between blood lead and lead 
expost re were earned OUL "background" blood lead con-
centra' ions in adults were generally 15-25 »ig/dL refleaing 
the hig ner air and food lead concentrations then current. In 
this CC nitexL it should be noted that the low background 
blood itad levds, of 4.7 and 11.2 Mg/dl. inferred from the 
empir :al relationships between blood lead and drinking 
water ead in Moore et aL (1977) and Sheriock et aL (1982), 
as wcli its the marked curvilinearity ofthese relationships at 
low di inking water lead (Rgs. 5 and 6). are artifacts ofthe 
choice of a cube root equation to describe the data. In real
ity, thi; scatter plots of data from these two studies are as 
well d iscnbetl by the model simulations shown in Rgs, 5 
and 6 2s by the cube root equations used by the invesiiga-
lors. 

In I'cneral. the model successfully predicts data relating 
avera:r,<: aduli blood lead concentrations to lead exposure 
rom a wide vancty of sources, as illustrated in Rgs. 5-11. It 

L-anncit be exijccted that model prediaions will be accurate 

0 20 
Blood l o a d , ^ g / d l 

FIG. 13. Relationship of urinary lead excrenon rate and blood lead 
concentrauon in the Kehoe subjects (Gross. 1979). Subject MR (O); all 
other subjects (O). 

for individuals or for all exposure circumstances. Many of 
the parameter values—for example, fractional absorption 
from lung or gastrointestinal tiaa—are de&uit values: prob
able values or probable values for typical conditions. It is 
for this reason that the experimental studies IB iadividuab 
(Rabinowitz et al.. 1976) or small groups of subjects (Azar 
et al.. 1975: Cools et at., 1976) tend to be fit less weU than 
the epidemiologic studies (Williams « al.. 1969; Moore « 
al., 1977: Sheriock ff a/.. 1982) for which the comparison is 
with average kinetic behavior in a large number of people. 

One of the advantages offered by a physiologically based 
model is that parameter values can be adjiisted to reflect the 
actual characteristics of an exposme. sticfa as the panide 
size distribution of an aerosoL or the attributes of an individ-
uaL such as body size or dietary pattern. Altemaiivdy, de
viations from predicted values may help to pinpoint individ
uals with atypical physiologic characteristics. For example. 
three of the Kehoe subjects (DH. MR. and SW in Table 3) 
had high baseline blood lead concentrations compared to 
most of the other subjects, and tlie model underestimates 
both baseline and postexposure blood lead for these men. 
The discrepancies could be due to unrecognized sources of 
lead exposure, but in the case of MR they appear to have a 
physiological basis. Rgure 13 demonstrates that the effi-
ciencv' of renal lead excretion by this subjea is distinctly 
lower than that ofthe other subjects. OH, whose blood lead 
levels were also consistently underprediaed, may have had 
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RG. 14 The reationjhip of skeletal (iliac crest) lead to blood lead. 
Dau point 1 are nrfrsiwri from Van de Vyver et aL (1988) for control sub-
jeos (•» a Kl lead woricers (•). The line is the model simulation for a 
:0-year-ok male wuh 30-year workplace exposure supenmposed on am-
tieni expoiijre. 

addition Hi exposure or may have absorbed lead more effi
ciently tlian other subjects: his excretion effidency was un
remarkable. FOI SW, however, it appears likdy that unre
corded lead exposure eariy in the study resulted in an anom-

1̂11̂  Jous paitem of blood lead levels during the experimenL In 
:his way, the chsiracterisdcs ofthe discrepandes found may 
sometimes suggest an explanation for thdr occurrence. 

AnodKT advantage of a phystoiogicaUy based modd is 
that ran yxs of certain parameter values can be used to exam
ine the impaa of thdr variability on predicted blood or 
tissue le;id. More than a sensitivity analysis, this approach 
allows tne population distribution of blood or bone lead 
concentrations to be predicted. 

The i;iirdiai(5ns of the model with respea to bone lead 
may be compared with observations of Van de Vyver et aL 
(1988), v^ho measured total lead in ashed biopsy samples 
taken fi cim the iliac crest of control and lead-exposed sub
jects widi normal and impaired renal function. The results 
in 32 0 the subjects are reproduced in Rg. 14. Renal func
tional ! uitus pioved to be immaterial and is not indicated. 
The cuivc sho>vn is made up ofthe endpoints of simulated 
}0-yeaj expost;res to various workplace air lead concentra
tions siiperimixjsed on a single set of ambient exposure 
conditi ons. Thirty-year exposures should produce as neariy 
a steady-staLte bone lead-to-blood lead relationship as is 
likely 13 be observed experimentally. Thus, the simulation 
is to b<: expea »1 to lie along the upper edge ofthe range of 
e.\perii nenial ilaia points. Shoner simulated industrial ex
posure iscnod'i would generate points lying below the line 
shown 

The hypothetical worker whose blood lead behavior was 
simulated in Rg. 9 had been employed for 25 years in the 
same job. The "half-life" of bone lead in this man would 
have appeared to be of the order of decades. This observa
tion would not be true for children, whose bone turns over 
essentially completely within a fairiy shon period of time, 
less than a year in young children growing rapidly (Hg. 2). 
The lability of bone in childhood implies that much ofthe 
lead incorporated during active growth will not persist into 
adulthood. 

The model as presented simulates the integrated average 
behavior of bone lead. It does not take into accoimt intra-
skdetal variauons related to bone location or fiinctioii, nor 
does it incorporate microregional variations in lead con
centrations within individual bones, which can be quite 
marked (Schidlovsky et al., 1990). However, because it in
cludes slow haeroionic exchange movement of lead into 
bulk bone, away from potential exchange surfaces, the 
model does reflea what has been called the "last in. first 
out" phenomenon of lead transfers in bone. As a result of 
this kinetic diflusion mechanism and of the explidt age 
dependence of bone formation and resorption, the predic
tions ofthe model are responsive to the timing and duration 
as well as to the magnitude oflead exposure. The model has 
been shown to be capable of rationalizing blood lead obser
vations from an extraordinary range of exposure patterns 
and magnitudes within a unifying framework grounded in 
understanding of bone physiology and caldum metabo
lism. It allows prediction not only ofthe effea of dietary or 
air lead on blood and bone iead during exposure, but also of 
the effixt of bone iead on blood lead after oesBioa of expo
sure. Rnally. because it is expressed in terms of bone physi
ology and metabolism, the model will be readily adaptable 
to states of potentially altered bone physiology such as preg
nancy or aging. 

REFERENCES 

Alexander. F. W.. Clayion. B. E- and DsW-s. H. T. (1974). Minetat and 
trace-metal balances in children receiving normal and synthetic diets. 
Quart. J. Med. \ 69 . l ' i - \ \ \ . 

ArakL S„ Murata. K_ and Aona H. (I98Ti. Central and pertpheial ner
vous system dysfunction in workers exposed to lead. ziiK and copper. 
Int. .irch. Ocaip. Environ. Health 59. 177-187. 

AmokL J. S.. Jee. W. S. S.. and Johnson. K. (1956). Observations and 
quantiative radioautogiaphic studies of <:alcium" deposited in vivo in 
rorming Haversian s\Tteiiis and okl bone of rabbit. .4m. J. .iiuu. 99, 
291-313. 

Assennato. G.. Pad. C . Baser. M. E.. Molinini. R.. Candela. R. G.. Alu-
mura. B. M.. and Giorgino, R. (1986). Sp<Tm count suppiession without 
endocrine d\-sfunction in lead-exposed men. .irch. Environ. Health 41. 
387-390. 

Azar. A.. Snee. R. D.. and Habibi. K. (1975). An epidemiologieaJ approach 
to communitv air lead exposure using petMnal air samplen. In Lead 



ELLEN J. OTLAHERTY 

(T. B. Ciciffin. and J. H. Knelson. Eds.), pp. 254-290. Academic Press. 
Londoi.. 

Boron. R . Tross. K.. .ind Vignery. A. 11984). Evidence of sequential re-
modeli iti in irat uabecular bone: Mocphology, dynamic histomorpho-
meiry. ind changes during skeletal maturation, .iiiat. Rec. 20S. 137-
U5. 

Bauer C <r. H.. Cicrlsson. A., and Undquist. B. (1957). Bone salt metatio-
iism in humans studied by means of radiocaldum. .icta Med. Scand. 
I5S. I<i3-I5i;. 

Brockhaus. A.. Collet, W . Dolgner. R.. Engdke. R.. Ewen. U_ Freier. I.. 
Germain. £.. lOamer. U.. .Manojlovic N.. Tuifeld. M- and Winneke. 
G. (19 lit). Ejipoiure to lead and cadmium of chiklren living in diOerem 
areas df nonh-w'est Cennaay: Results of bioiogicai monitorins studies 
1982-1986. Int. Arch. Oceup. Eitrinm. Health 60.211-222. 

Bronner F- Richiillc. L. J„ Saviile. P. D- Nicholas. J. A., and Cobb. J. R. 
M963' ijtunticition of caldum meabolism in postmenopausal oneopo-
rosis i id in scoliosis. /. Clin. Invest. 4Z. 898-908. 

Campbell B. C„ Meredith. P. A_ Moore. M. A-and Watson. W. S. (1984). 
Kinet ci of lead following intnvenoiu administixtion in man. Toxicol. 
L«i.:: 1.231-235. 

Chambc rlain. A. C Heard. M. J.. Little. P.. Newton. D„ Wells. A. C_ and 
Wiffei. R. D. 11978). Investigations into Lead from Motor Exhausts. 
AERi; Report *9198 HMSO. London. 

ChambTlain. A. C. (1983). Effea of airbome lead on blood lead, .iimos. 
Environ. 17. 6''7-692. 

Cohn. 5 H.. Bdz3-.o. S. R.. Jesseph. J. E„ Constanunides. C . Huene. O. R.. 
and C i iismano. E. A. < 1965). Formulation and tesnng ofa compartmen
tal m:>del for calcium metabolism in man. Radiat. Res. 26,319-333. 

Cools. \.. Salle. H. J. A.. Vetberk. M. M_ and Zielhuis. R. L (1976). 
BlocI lemical response of male volunteers ingesting inorvanic lead for 49 
days. Int. Arch. Occup. Environ. Health 38, 129-139. 

DeSilviL. P. E. (1981). Determination of lead in plasma and studies on its 
relauonship to lead in erythrocytes. Br. J. Ind. .Med. 38.209-217. 

Frost. II. M.(I9<i2).SpectAc surface and specific volume of normal human 
laMolar bone, / /mrr Ford Hasp. .Vied. BtilL 10. J5- t i . 

FrosL {. M. (1976). Some concepts crucial to Uie effective study of bone 
turn iver and Ixine balance in human skeletal disease and expeftmental 
mod ds 01 skeletal physiok>gy and pathophysiology. In Bone.Morphome-
irr{\l. F. (j. Jawotsu. Ed.), pp.219-223. Ottawa Univ. Press.Ottawa. 

Gocriiig. P. L.. Mistrv. P„ and Fowler. B. A. (1986). A low molecuiar 
well ni lead-binding protein in brain attenuates lead inhibition of i-
ami lolevulinic acid deh>'dratase: Comparison with a renal lead-̂ Mitding 
pmmn.J. Pharmacvi. E\p. Titer. 237,220-225. 

Goktsntth. J. K.. and Heater. A. (1967). Respitaiory expoaure to lead. 
Epi<:K»niological and expenmental dose-response relationships. Science 
158, I32-I3J. 

Griffir. T. 3.. Coulston. H. W.. and RusseiL J. C. (1975). Ginical studies 
on Tien roniinuously exposed to airbome paruculate lead. In Lead 
(T. B. Gnffir. and J. H. Knelson. Eds.), pp. 221-240. Academic Press. 
London. 

Gross S. B. (IV79). Oral and Inhalation Lead Exposures in Human Sub-
jiv f iKi-lioe Balance E\penmen/sl. Lead Industries Association. New 
Yoil-

He. 1.. Zhang S.. Li. G.. Zhang. S.. Huang. J., and Wu. Y. (1988). An 
ile ironeurographic assessment of subdinical lead neuroioxidty. Int. 
Ir h. Oi-aip E.ivinm. Hvalthi>\. 141-146. 

Ishihii-a. N.. and Matsushiro. T. (1986). Biliary and urinarv' excretion of 
m< wis in htmans. Arch. Envinm. Health 4\. 324-530. 

John!«n. r. R.. Moore. W. M.. and Jeffries. J. E. (Eds.) (1978). Children 

.ire Different: Developmental Phvsioioify. Ross Laboratohea. Columbus. 
OH. 

Lee. W. R.. Marshall J. H.. and Sissons. H. A. (1965). Caldum accreuon 
and bone fonnation in dop: An experimental compaiiaoa baieeu the 
results of Ca" kinetic analysis and tetracycline labeiUnt. J- Bone Joint 
Surg. 41B, I51 ' \ i0 . 

Lolin. Y.. and O'Comnan. P. (1988). An intta-erythrocyiic low molecular 
waigfat lead-binding protdn in acute and chronic lead eaposue and its 
posable ptxitective role in lead toxidty. Ann. Clin. Biochem. 25,688-
697. 

Maaion. W. I., and Malloy. C. R. (1983). Distxibutioa of lead in body 
fluids after ingestion of soft soMer. Br. J. Ind. .Med. 40,91-S7. 

Mamott. W. I., and Cook. J. D. (1984)L High accofKr (siaUe isotope 
dBationl measurements oflead in lenm and ceretMOipiaai fluid. Br. J. 
Ind..\ted. 41,3iy-3{9. 

Marcus. A. H. (1985). MulticompMUuem kinetie modd (or lead. UL Lead 
in blood plasma and erythrocytes. Environ. Res. 36,473-489. 

MaishaU. J. H-Rowland. R. E . and Jowwy. J. (1959). Mkreaeonic meab
olism of caldum in bone. V. The pandos of diffuse icnvity and tont-
term exchange. Radiat. Res. 10,258-270. 

Moore. M. R_ MerediUL P. A.. CampbeU. B. C- Goldbers. A., and Po-
cock. S. J. (1977). Contribution oflead in drinking water to blood-lead.. 
Lancet. 66l-«62. 

.Neer. iL. Berman. M.. Fisher. I_and Rosenberg, L E (1967). Multicom-
partmental analysis of caldum kinetics in normal adult males. / Clin. 
Invest. 46, 1364-1379. 

O'Flaheny, E. J. (1986). The rate of decline of Mood lead in lead industry 
worken during medical removaL- The effect of job teatwe. Fundam. 
.ippt. Toxicol. 6, 372-380. 

OTlaherty, E. J. (1991). Physiologicaily based lead kinetics. Trace Subst. 
Environ. Health 24,44-54. 

OTlaherty. E J. (1991a). Physiologically-based raodete for bone-ieeking 
elements. I. Rat skeletal and bone growth. Toxicol AppL Pharmacol. 
111,299-312. 

OTIaheny. E J. (1991b). PhysiolocicaUy-faMBd aaodds fiir boM inking 
eiemettts. IL Kinetics of kad dispomian in rasa. rosiedL ilflpi Mormo-
oa<. 111,313-331. 

OTIaheny. E J. (I99tc). Physiologically-based modeb for bone-seeking 
elements. III. Human skdetal and bone growth. ToxicDf. AppL Pharma
coL 111,332-341. 

Rabinowitz. M. B.. WetherilL C. W.. and Kopple. J. O. (1976). Kinetic 
analysis oflead metabolism in healthv humans. J. Clin. Invest. 58,260-
270. 

Rabinowitz. M. B.. WetherilL C. W.. and Kotipie. J. O. (1977V MacniUKie 
oflead intake from respintion by normal m a n , / Lab. Ctln. Med. 99, 
238-248. 

Rabinowitz. M. B_ Kopple. J. D.. and WethehIL C. W. (1980). Effect of 
food intake and fasting on gastrointestinal lead absorption in humans. 
.im. J. Clin, .\iitr. 33.1784-1788. 

Raghavan. S. R. V.. Culver. B. D- and Cionick. H. C. (1980). Erythrocyte 
lead-binding protein after occupational exposure. L Relationship to lead 
toxidty. Environ. Res. 22.264-270. 

Rowland. R. E (1960). The deposition and the removal of radium in bone 
by a long-term exdtange process. Clin. Orthop. 17.146-153. 

Rowland. R. E. 11961). Microscopic metabolism of Ra'^ in canine bone 
and its beanng on the radiation dosimetry of internally deposited allr.a-
line earths. Radiat. Res. 15,126-137 

Ryu. J. E. Ziegler. E E.. and Fomon. S. J. (1978). Maternal lead exposure 
and blood lead concentrauon in inianc\-. J. Pediatr. 93.476-478. 

R\Ti, J. E.. Ziegler. E. E- Nelson. S. E. and Fomon. S. J. (1983). Dietary 

file:///iitr


PHYSIOLOGIC LEAD DISPOSITION IN THE HUMAN 29 

: niake of le :ul and blood lead concentrauon in early infancy. Am. J. Dis. 
^hild. 137 H86-891. 

ilovsky. Ci- Jono. K. W_ Buffer. D. E . Mikler. F. U and Hu. H. 
' "{1990). Du Hibuiion oflead in human bone. IL Proton microptobe mea

surements In Proceedings ofthe International Symposium on In livo 
Bodv Corr position iUudies. Totonia Canada. June 1989. pp. 281-286. 
Plenum, hew York 

Selander. S.. iind Cramer. K. (1970). interrelationships between lead in 
blood. Iea:l in unnit. and ALA in urine during iead work. Br. J. Ind. 
Vfed. 27,.:s;-39. 

Sheriock, J. Smart, ( J - Forbes. G. L Moore. M. R- Patterson. W. J„ 
Richards. V/. N„ aiid Wilson. T. S. (1982V Assessment oflead intakes 
and dose- nsponse for a popolatioa in Ayr exposed to a plumbosolvent 
water supiiiy. Hum. TaxicoL 1,115-122. 

Sheriock. J. C and Quinn. M. J. (I986V Relationship between blood lead 
concentn.tions and dietary lead intake m in&nts: The Glasgow Dupli
cate Diet Study 1979-1980. FoodAddit. Contam. 3.167-176. 

Snee. R. D.: 1.9811. Models for the relationship between blood lead and air 
lead. Int. 4rrt. Ocnip. Environ. Health 50, 303-319. 

Tepper. L. ;i.. and L« vin. L S. (1975). A survey of air and population lead 

levels in selected Amencan communities. Ir Lxad (T. B. Criliin and 
J. H. Kndson. Eds.), pp. 152-196. Thieme. Stungart. 

U.S. Department of Labor. Oxupaiional Safety and Health AdministT*-
tion (1978). Occupational exposuic to lead: Final standaid. Fed. Regisu 
43,52952-53014. 

Van de Vyver. F. U D'Haese. P. C- Visser. W. J.. Elsevien. M. M- Knip-
penberg. L. J.. Lamberts. L. V.. Wedeen. R. P.. and OeSrae. M. E 
(1988V Bone lead in dialysis pmients. Kidney Int. 33,601-407. 

Vander. A. J.. Taylor. O. L- Kalitis. K- Mouw. D. R- and Videty. W. 
(1977). Renal handling of lead in dogs: Qeatance studies. Am. J. PAvs-
ia£ 233. F532.F538. 

Watsoa. W. S- Morrison. J - Baldwin. N. M . Lyon. O. T. B.. Dobwo. H.. 
Moocc;. M. R.. and Hume. R. (1986V Food iron and lead absoipiiaa in 
humans. Am. J. Clin. Nutr. 44,248-256. 

Winiams. M. K- King. E , and WalfonL J. (t969V An inveaiigatioB oflead 
afanrption in an electric accumulator factoty with use of penoaal 
samptets. Br J. Ind. Med. 26,202-216. 

Ziegler. E E. Edwards. B. B-Jensen. R. L-Mahaffisy. K. R-and Fbmon. 
S. J. (1978V Absorption and retention oflead by infants. Pediatr. Res. 
12,29-34. 

"ill) l l 

I 



ro.xic :LOC;YANDAPPUEDPHARMACOLOGY 131.297-308(1995) 

Physiologically Based Models for Bone-Seeking Elements 

V. Lead Absorption and Disposition in Childhood^ 

ELLEN J. O 'FLAHERTY 

Depanmem of Environmental Health. University ofCinanmui College of .Medicine. 3223 Eden .ivenue. Cincinnati. Ohio 45208-0056 

Received June 13.1994: accepted December 5,1994 

P r^ioiogically Based .Models for Bone-Seeking Elements. V. 
Lea I Absoniiion and Disposition in Childhood. O'FLAHERTY, 
E. J 11995). TaxicoL AppL PharmacoL 131,297-308. 

A pihysiologically based model oflead absorption and disposi
tion previously developed and validated for adults, has been 
test !(1 and calibrated for children. The model was modified to 
incc rporate additional information on the age dependence of 
bom; fonnanon rate and to take into account increasing local-
zat icin of b<ine modeling activity with age. A bone volume char-

act( rlzed by mature bone metabolic activity increases from zero 
at birth to the total bone volume by young adulthood. Bone for
mat ion rate is high from childhood through adolescence, with 
pealc'i at birth and around puberty. Bone resorption rate keeps 
pact: at a rate that allows the orderly increase of bone mass. In 

'I t general, the model reproduces childhood blood lead observa-
I tioiis well, except in instances where lead is ingested at very high 
! concentrations. Both bone and blood lead concentration are la-
I bile during early childhood because ofthe high rate of bone turn

over. They respond rapidly to increases in lead exposure, and 
I decrease almost as rapidly to near-preexposure concentrations 

wh ::n exposure returns to background levels. As the child grows, 
fraiiional bone formation and resorption rates decline and total 
boiic lead turnover becomes more sluggish. From the time of 
pesik bone mineralization rate in adolescence into early adult-
ho<:i<i. the nte of bone turnover drops dramatically and the abil
ity to reverse bone lead accumulation relatively rapidly is iosL 
r 1"*>Ac»liwi»PTTn.lBe. 

Zhildren are generally acknowledged xo be among the 
grciups ai greaisst risk from environmental lead exposure. 
Miiny faaors. including high susceptibility, elevated 
exijosure. and special features oflead absorption, distribu-
ticn. or encretion may contribute to the hazard of child-
he cd lead exposure. Certain relevant differences between 
ac ults and children have been identified. For example, frac-
licmal absorption from the gastrointestinal tract is much 
griater in children than in adults (Alexander. 1974). In ad-

This work was supported by a grant from the International Lead Zinc 
Rcsiarch Oi-ganizauon. 

dition. markedly elevated lead exposure can occur in child
hood, panicularly as a result of ingestion of contaminated 
soils and dusts (Rabinowitz et aL, 1985) or of paint chips 
containing high concentrations of lead (Chisolm et al., 
1985). 

An additional aspea of childhood lead exposure is that 
potentially large quantities oflead may be incorporated into 
rapidly forming bone. At the same time, growing bone is 
turning over rapidly, so that bone lead is continuously re
turned to the circulation. To the extent that lead incorpo
rated into growing bone persists into adulthood, it may 
serve as a reservoir and source of reexposure in conditions 
such as pregnancy, lactation, and aging that may be associ
ated with resorption of biologically significant amounts of 
bone (Nordberg et al.. 1991). Therefore, childhood lead 
exposure is of concern not only because of its immediate 
effects but also because of its potential delayed effects. We 
would like to be able to mode! lead kinetics in children in 
such a way as to predia the impact of different magnitudes 
and patterns of exposure both on blood lead concentrations 
in childhood and on the magnitude of bone lead stores per
sisting into adulthood. 

The Integrated Exposure Uptake BioKinetic (lEUBK) 
model developed by the U.S. EPA (1994) is designed spe
cifically to simulate blood and tissue lead concentrations in 
children up to age 7. Its accuracy as a predictor of blood 
lead concentrations has been verified within this age range 
at low environmental exposures (Choudhury et aL. 1992). 
However, its ability to simulate bone lead concentrations 
accurately has not been established. Furthermore, it is not 
linked with a model of adult lead metabolism to allow pre
diction of the impaa of childhood lead exposure on adult 
lead kinetics. 

The lEUBK. model is a classical compartmental model 
ofthe kind routinely used for chemicals whose distribution 
volumes can be approximated as the sum ofa limited num
ber of well-mixed compartments. The values ofthe transfer 
rate constants are based in pan on kinetic data from a study 
in baboons (Mallon, 1983). Certain noniinearities. specifi
cally capacity-limited binding in the red cell and capadty-
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FIG. 1. Bone rormation rate, as calcium accretion rate, as a funcuon 
of age. > Brormei- and Harris (1956); O. Bauer « al. (1957): D. Heaney 
and Wh< don (1958); +. Bronner et ai. (1963); : . Neer et al. (1967); A. 
Abrams /a/, f 1992). 

limiiec absorption from the gastrointesunal tracL arc built 
into th:; model, but the parameter values are not physiolog
ically lased. Therefore, extrapolation of lEUBK model 
simulaiions outside the age and exposure ranges for which 
they hiive been calibrated is expeaed to be unreliable. 

I, A piij'siologically based model of lead kinetics has been 
develoi>ed and validated for adults with a wide range of 
exposires from a variety of sources (O'Flaherty, 1993). 
While trie model is designed for exposures from binh on
ward. It has rot been rigorously tested against childhood 
lead d;ita. The purpose of this paper is to examine published 
studie:; of leac exposure and blood lead in children and to 
dctem: ine how successfully the physiologically based model 
reconj tmas llie observed relationships. 

METHODS 

.Model id'finements 

chosen to express a central tendency inferred from the range of observed 
calcium accretion rates. 

The model has also been modified to acknowledge the increasing local
ization of active turnover that takes place during growth (see Discussion 1. 
Total bone is now divided into two fractions during childhood and adoles
cence. One fraction is engaged in very rapid turnover, the other has the 
characteristics of mature bone. The fractional volume of mature bone in
creases steadily from zero at birth to total bone volume by young adult
hood. The fraction of total bone formation and resorption activity assigned 
to this bone type is related to its fractional volume. All remaining bone 
formation and resorption is assigned to actively modeling bone, whose vol
ume decreases steadily from total bone at binh to zero by young adulthood. 
This new model structure takes into account the evolution of rapid bone 
turnover during growth, from involvement of the entire skeleton at binh. 
through increasing localization of new bone formauon to regions such as 
the epiphyses of the long bones, to loss of intensive modeling anivity by 
aduhhood. 

An important source of childhood lead exposure is the lead present ir 
soils and dusts, panicularly in and around older, deteriorated housing 
where lead-based paints had at one time been used. The V S . EPA (1994) 
has esumated the average amounts of soil and dust ingested by children as 
step funaions dependent on year of age from birth to age 7. Ingestion is 
estimated by the U.S. EPA to be 135 mg of total soil and dust/day from 
ages 1 10 4. In a recently completed study in which a tracer mass-balance 
method was used to estimate soil ingesuon. the median soil ingesuon raie 
was found to be 40 mg/day in a group of 64 children 1-3 years old (one 
child was 4 years old) (Calabrese. 1994). The upper 95% soil ingestion rate 
was 417 mg/day. Simple expressions for age-dependent soil and dust in
gesuon rates were devised (Fig. 2) and entered into the physiologicalh 
based model. These expressions diifer from the U.S. EPA estimates in that 
neither dust ingestion nor soil ingesuon is considered to be constant in 
early childhood. Dust ingesuon is modeled to peak at age 2 while soil in
gestion is modeled to peak at age 3. The later maximum for soil ingesuon 
is indicated by the observation that the anivity of Toxocara cants, a marker 
of exposure to the organisms present in outdoor soils, peaks at age 3 (Addiss 
et al.. 1991). It is consistent with a shift from indoor to outdoor play be
tween ages 2 and 3. The modeled maximum total dust ingestion rate is 77 
mg/day. the modeled maximum total soil ingestion rate is 60 mg/day. Th« 
shapes ofthe curves were designed 10 be consistent with the age dependen.-; 
of blood lead concentrations tn the Cincinnati Prospeaive Lead Study (see 

100 

The v^iysiologicaily based model of lead kinetics in humans has been 
previou Illy descnl)ed (O'Flaheny. 1993). The version used in these simula
tions hs.s been modified in order to reflect with greater fidelity changes in 
bone meubolism during growth and to uke into account sources of 
rxposu: e. such as infant formula, that are unique to infancy and childhood. 

The rxpresinor given previously for bone formation rate as a funcuon of 
age has teen refcirmulated to reflect newer and more complete published 
inform !tlon about this process. Abrams et al. (1992) measured bone 
cslduni .iccnruoi rate in healthy children and adolescents using a suble 
calcium isotope technique. Together with additional d a u from the eariier 
hteratuit-. the results of this study demonstrate that bone formation rate in 
adolesc>;nts is coisiderably greater than had been suggested by the limited 
d a u pi r/iou-sly relied on in this age range (C'Raheny, 1993). Figure I 
'.ilustraes the revised age detxndence of bone formation rate in the current 
versior of tlie iriodel. The height and shape of the curve in Fig. I were 
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FIG. 2. Age dependence of soil and dust ingestion in childhood, as 
defined in the model. 
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:«low Thev' ar: plausible, if simplified, descriptions of a typical interac-
iion Ol' children with their environment. The dust and soil ingestion 
^uati :itis and their incorporation into the model are given in the Ap-
rendt). 

ExpiMure of infants to lead in mothers' milk, infant formula, and baby 
->-ds :s highly variable. These exposures are modeled as set»rate intakes 
u.-ini; infancy (from binh to age 3^ months) and babyhood (from 3^ 

monilis to I yiar). I'he concentrauon in mother's milk or formula is 
mului:l:.ed by a formula consumption curve to obtain the rate of intake of 
:rad fiom these lources up to age 31 months. Ryu et al. (1983) reported the 
conce itration cf lead in infant formula as well as the aaual intake oflead 
'ram ormula by infants from age 8 days to 3^ months. These dau were 
used t :i generati: the expression for formula consumpuon by infanu in this 
:ige raiiije. The neady increase in calculated consumpuon of formula dur
ing this period IS conveniently fit by a hyperbola, with lead intake on Day 
^ of aiK: being half the lead inuke on Day 100 of age. Beginning at age 31 
-^'jni Ii.. thu source of exposure is gradually phased out. terminating at age 

>eai. Inuke from mixed foods, including solid foods as well as milk and 
other liquids. i> phased in beginning at age 3 ̂  months. At age I year, a 
'.ransiiion occurs in the model to the more general expression for lead in-
zesiici in food and drinking water, in which consumpuon of both food 
and vater is sciied to body weight to the 2/3 power. Typical values ofthe 
rate c ' ingesuon of lead in solid and liquid foods at age 1 year would have 
seen 10-40 tfg,day around 1980. falling to 20-25 tig/day during the mid-
980. when many ofthe studies simulated here were carried OUL and fall

ing further to current values around 3 Mg/day or even less (Bolger et al.. 
991 . The fonnuia and food consumpuon equations are given in the Ap-

rrnd x. 

Simi.'aliens 

In/ants. Rvu et a/. (1983) studied 25 formula-fed infants from birth to 
age 1 11 days to determine the relationship between dieury lead and blood 
lead : cinceniration. The babies were bom in the United Sutes (Iowa City. 
I.A) t̂ siween August 1975 and January 1976. The mean concentration of 
lead in formula was 20 ug/liter. These infants had low nonformula food 
iead I'.rposure. determined by dieury analysis to be I ^g/day. Seventeen of 
"le tiBies were subsequently followed to age 195 days. Ten ofthese had a 

.-eai: toul lead inuke rate dunng this second study penod of 16 ug/day. 
2nd ieven. who were dnnking canned milk, had a mean toul lead inuke 
rate if 61 tig/clay. The exposure scenano to age 111 days was modeled by 
setti".(; the year of binh to 1973 and formula lead concentration to 0.020 
m^l ter. Between ages 111 and 195 days, total lead inuke was modeled by 
line; r;.y phasing in inukes that reached 49 Mg/day at age 1 year (16 ug/day 
atthir midooiiuageof 133 days) or 185 iig/day atage 1 year (61 ug/day at 
me iiiidpoint .ige of 153 days). Both dust and soil lead were set at 100 ug/g 
for t ;iis simulsiion. Air lead concentration was set at 0.(X)2 mg/m\ 

T ll! Glasgow Duplicate Diet Study was carried out in 1979-1980. Its 
''nniary purple was to define the relationship of infants' blood lead con-
.enii'sitionsio concentrations oflead in domestic water. Locey et ai (1985) 
repc n;ed dau for blood lead concentration and composite water lead in the 
?3 : -Ttonth-C'ld bottle-fed and mixed-fed (that is. not exclusively breast
fed) babiciin ihe study. The conmbuuon oflead from the solid componem 
of t ic infants' diet was shown to be negligible. These exposure scenarios 
wer- modeled by secung the year of binh to 1979 and calculating concen-
irat ons of lead in infant formula on the basis of one pan concentrated 
ton lula to eii'jii pans water, as suggested by the manufaaurer's directions. 
Mo Icled '«ati;r liud concentrations were from 0.04 to 0.5 mg/liter to span 
the unserved range i}f domestic water lead. Air lead concentrauon was set 
lit 0 C02 mg/tn^ 

Childrrn. The (rinannau Prospective Lead Study (Bomschein et aL 
I9S 5) is one of several similar recent prospeaive studies whose purpoK 
has been to evaluate the oependence of infants' and children's blood lead 
levrlti on environmental sources of lead Including air. food, water. dusL 

and soiL and the impaa of age on these relationships. As pan of this study, 
the 300 children in the cohort, all of whom lived in the inner city, were 
momtored at 3-month intervals until age 3 and thereafter at 6-month in
tervals in order to develop conunuous blood lead concentration histones. 
Environmental evaluations were also carried out. These included quants-
unve analyses of lead in accessible painted surfaces, paint chips (when 
the paint was loose), interior dust and exterior soiL and street din. The 
physiologically based model was used to simulate the age dependence of 
blood lead concentrauon in children living in an urban setting in th.e 
United Sutes in the late 1980s or eariy 1990s, with contemporary air lead 
set at 0.0003 mg/m''. water lead at 0.005 mg/liter. the concentration oflead 
in infant formula (or mother's milk) at 0.020 mg/liter. the oral intake of 
lead by children at age I year at 20 ug/day, the intake oflead with food by 
adults at 30 ug/day. and the year of birth at 1983, the 6nt year ofthe study. 
The concentrations oflead in soil and dust required to achieve the best fits 
of the simulations to mean measured blood lead concentrations in four 
subsets of the study cohon were determined by visual optimization. The 
four subsets of the cohon were defined as follows: L highest measured 
blood lead concentration less than 15 ug/'dl (N • 70): M. highest measured 
blood lead concentration between 15 and 24 ug/dl (A/ - 120): X, highest 
measured blood lead concentration between 25 and 34 ug/dl IN ' 60); and 
H. at least one measured blood lead concentration in excess of 34 ug/dl (N 
• 30). It should be noted that these dau sets were also used to define tne 
shapes ofthe dust and soil ingestion rate curves (see Methods). Simulated 
dust and soil lead concentrauons are given in Table 1 and in the legend to 
Fig. 5. 

The Boston Prospeaive Lead Study (Rabinowitz et al.. 1985) involvetl a 
cohon of 249 middle<lass and upper-middle-class infants who did not live 
in the inner aty. Blood lead concentrations were monitored at 1.6.18. and 
24 months of age. and environmental sampling was carried out at the same 
times. Environmental assessments included quantiutive analyses of house 
dusL drinking water, yard soil, inienor painL and respirable lead in intenor 
air. as well as categonzation of the residences as to their distance from 
automobile traffic and any recent occurrence of refinishing activity in the 
home. These suburian children had low nonpaint. nondust. and nonsoil 
lead exposures, as indicated by the low "coniror' group blood lead concen
trauons (see Results). Four groups were distinguished by the authors on tiie 
basis of their blood lead concentration ranges: <3.7. 3.7-6.0.6.1-8.7. and 
> 8.7 ug/dl. The corresponding exposures were simulated by setung air lead 
equal to the measured intenor air lead (0.0001-0.0002 mg/m^) for each 
group, water lead equal to the measured water lead concentration I less than 
0.005 mg/liter) for each group, soil lead concentration equal to the mea
sured value for each group, dust lead concentration equal to 1/3 of the 
corresponding soil lead concentrauon. concentration of lead in infant for
mula equal to the water concentrauon. oral inuke of lead by children at 
age I year to 3 ug/day. inuke oflead vnih food by adults to 20 ug/day, %nd 
year of binh to 1980. the mean of the 2- year range of entry dates. 

The Baltimore Lead Study (Chisholm « al.. 1985) presented a different 
expenence. in this study, urban children with blood lead concentrations 
around 60 ug/dl. who were hospitalized when they were 2 to 3 years old for 
chelation treatment, were followed for a year after their return to "remedi
ated" housing. Legal lead abatement consisted of removal, to a level 4 feet 
above the floor, of flaking or peeling lead-positive paint and lead-positive 
paint that presented a biting suriace. The threshold for deieaion oflead in 
paint was 700 ug/cm^ of surface area. Unsound extenor paint positive for 
lead was sometimes removed, but wa.s not necessarily abated unless the 
child required a second round of chelation therapy. There was no require
ment for cleanup of dust or debns resulting from paint removal or for 
repainting of the sun'aces from which paint had been removed. Conse
quently, intenor dust lead presumably remained little changed or may 
even have increased immediately following remediation. Housing was clas
sified in this study according to its age and type and to the degree of lead 
abatement recorded. Painted intenor surfaces positive for lead were iden
tified, but other environmenul measurements were not earned OUL In or-
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FIG. 3. Simulation for the experimental conditions of Ryu et al. 
(1983). C>au points are means of measurements in from 7 to 25 infants 
from th;: Ryu et al. study: • . Infants receiving essentially all lead in formula 
to age 111 days and then dietary lead increasing to 49 ug/day at age 1 year 
*. infai'.is receiving dieury lead increasing after age 111 days to 185 ug/ 
day at < ge I year. Carves are model simulations. Infant formula lead was 
set at 0.̂ )20 mg/liier. air lead at 0.002 mg/m'. and dust and soil lead at 100 
Mg/gearh. Year of binh was 1973. 

der to i gproximate this loosely quantified exposure experience, lead con-
centrat ansinsoilandoust were set to values chosen to simulate the child's 
precheliiiion exposure and blood lead concentration, and postchelation re
turn eitii'sr to old housing with continuing high lead hazard, to housing in 
which llie lead hazard had been partially (legally) abated, or to housing in 
which lirid exposure was subsunually lower (the "lead-free public hous
ing" ca egory of ihe study). Simulated dust and soil lead concentrations are 
given ir the legend to Fig. 6. Chelation was simulated as a 2-week penod. 
the leni;ih ofthe child's hospital suy. during which the pamtion coeffi
cients f:>r soft, tissues and bone surface were reduced to 30% of their usual 
values. Ciher environmental sources oflead were as follows: air lead. 0.003 
mg/m'̂  'vaier le:id. 0.005 mg/liier. oral inuke oflead by children at age 1 
year. I ug/day: ma intake oflead with food by adults. 30 ug/day. Year of 
hirthwiLisetat 1977. 

cube root of the weekly rate of lead ingestion, judged by 
Sheriock and Quinn (1986) to be the line of best fit to these 
data, is also shown in Fig. 4, with lead ingestion expressed 
as the composite water (formula) lead concentration corre
sponding to the stated range of weekly lead intakes in 3-
month-old infants. The model docs not satisfaaorily repro
duce blood lead concentrations at these very high oral lead 
intakes. 

Children. Optimized fits of the simulations to mean 
blood lead concentrations in groups of children represent
ing the four blood lead ranges from the Cincinnati Prospec
tive Lead Study (Bomschein et al., 1985) are shown in Fig. 
S. The optimal dust and soil lead concentrations are given 
in Table I along with selected measurements from the en
vironmental evaluations carried out as part of the stuc\. 
The soil and dust concentrations projected by the simula
tions are in good general agreement with spot measure
ments made in the aaual environments of the children in 
the study. Again, the model docs not take into account 
exposure during gestation. Nonetheless, the simulation sug
gests the relatively slight changes in blood lead concentra
tions during the first few months of life, followed by sharp 
increases that illustrate the importance ofthe environmen
tal determinants of blood lead level in these children as th^; 
become more mobile. 

Simulations for the exposure scenarios from the Boston 
Prospeaive Lead Study (Rabinowiu et al.. 1985) are given 
in Table 2, together with the measured blood lead concen
tration ranges. Background (air, food, and water) exposures 
required to reproduce these data are low. as illustrated b> 

RESULTS 

Infants. The predictions of the model are compared 
with ilood lead data for infants from Ryu et aL (1983) in 
Fig. 3. Because the model prediction does not take into ac-
couni exposure ofthe newborn during gestation, the simu-
latior and measured blocxi lead concentration are not in 
agree :iieni at the eariiest time point after birth; but they rap
idly Us:ome comparable. Prediaed and observed blcxxi 
lead ( onccnt-ations are in excellent agreement throughout 
the 61 -month period ofthe study. 

Fig lire 4 is the model simulation for the Glasgow Infant 
Diet itudy, superimposed on the scatter plot of individual 
blooc lead concentration measurements for 92 bottle- and 
mixe i-fed infants from the study (Lacey et al.. 1985). The 
empi;icai equation relating blood lead concentration to the 

0 .1 .2 .3 .4 .5 .6 
LEAD IN INFANT FORMULA, m g / l 

FIG. 4. Simulation for the experimental conditions of Lacey et at 
{1985). Dau poinu are individual measurements in 92 3-month-oid in
fants. Curve A IS the model simulation. Curve B is a plot of the cube - •"' 
equauon judged by Sheriock and Quinn (1986) to be the empincal lir. 
best fit to these data. Infant formula was tiie only source of dietary lead tor 
these simulations. Air lead was set at 0.002 mg/m\ and year of binh was 
1979. 
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FICi. 5. Simulations for four subgroups from the Cincinnati Prospective Lead Study (Bomschein et al.. 1985). (a) Group L. children whose highest 
blood liad con<.-eniration did not exceed 15 ug/dl: (b) group M. children whose highest blood lead concentration did not exceed 24 ug/dl: (c) group X. 
childnin wnose highest blood lead concenuation did not exceed 34 ug/dl; (d) group H. children whose highest blood leid concentration exceeded 34 ug/ 
dl. Ci rves sre model simulauoas. optimized u> the dau by setuag CDVSTT - 200 ug/g and CSOIL - 500 MS/S (a). CDUST - 400 ug/g and CSOIL = 
1200 i.8/g (bl. CDUST - 600 ug/g and CSOIL - 2300 ug/g (c). and CDUST - 1200 ug/g and CSOIL - 4100 ug/g (d). Contemporary air lead was set at 
0.000 > mg/m^ water lead at 0.005 mg/liter. the concentrauon of lead in infant fonnuia (or mother's milk) at 0.020 mg/Uter. the oral intake of lead by 
chiWi sn at age I year at 20 ug/day. the intake of lead vrith food by adults at 30 ug/day, and the year of binh at 1983. the first year ofthe study. 

the Drediaed blood lead concentration in children of this 
age n the absence of any soil or dust exposure. The modeled 
slot:': of the relationship of blocxl lead concentration to soil 
leac concentration is similar to the slope observed. 

F gurc 6 illustrates the simulations for a group of 
exposure patterns designed to generate as closely as possible 
the blood lead concentration data from the Baltimore 
Lead Stud/ (Qiisholm et al.. 1985), along with the data 
thenselves. These scenarios were designed as hypothetical 
ex]: csuPK i.o dust and soil lead, for which no measurement 
dat;i were available. Nonetheless, it is clear from the blood 
lea I concentrations prior to chelation (some in excess of 60 
Mg/ dl) that exposures were very high, and the dust and soil 

lead concentrations that generate these blood lead concen
trations are in the expeaed range for very high inner-city 
environmental levels. The simulated blood lead concentra
tions in Fig. 6 tend to fall gradually during the 1 -year follow-
up, in contrast to the measured concentrations, which re
mained stable after reaching their postchelation levels. 

DISCUSSION 

Ingestion oflead by infants and young children. I n mod
eling ingestion oflead in solid foods, formula, and milk dur
ing infancy and early childhood, the goal was to be as flex
ible as was reasonable to simulate magnitude of exposure 
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T A B L E 1 
Comjisirison of Dust and Soil Lead Concentrations Required 

to Fit t ii: Cincinnati Prospective Lead Study Data with Mea
sured D jst and Soil Concentrations 

Concentration 
in dust, ug/g 

Concentration 
in soil ug/g 

Model gioups 
L (Fi| 5a) 
M(Fi! fb) 
X (Fif. 5c) 
H (Fi(. 5d) 

ExpenmintuI housing groups' 
Posi-V.'orid'Warll 
Privat;:. sausfaciory condition 

Public 

Subsi<ii:ted rehab 

!9ihcirmurv 
Private, satisfactory condition 

I9thci:mury 
Deter arated/dilapidated 

200 
400 
600 

1200 

332 
(151-733) 

490 
(242-996) 

622 
(289-1340) 

1680 
(586-4800) 

2360 
(957-5840) 

500 
1200 
2300 
4100 

327 
(118-905) 

233 
(87-622) 

1800 
(611-5280) 

5000 
(1430-17500) 

4550 
(1180-17600) 

* Meai.ured soil concentrations are for surface scrapings; measured dust 
concent ations ar: for intenor surface dust. Means and ranges are given. 
Dau frc TI Clark et a!. (1991). 

t i l l * wiihotit requiinng excessive exposu re c h a r a a e r i z a t i o n . T h e 
dedsicin was m a d e to al low t w o inputs : t he average c o n c e n -
tratior, o f l e a d in m o t h e r ' s mi lk o r formula , which is cou 
pled v,r.h a fixed express ion for t he age d e p e n d e n c e of for
m u l a i n take tha t phases o u t by age 1 year, a n d the average 
rate oi ingestion of lead in all o the r dietary sources at age 1 
year, "vhich fixes the e n d p o i n t of a phase- in beginning at 
age 3 : mont l i s . After age 1 year, the expression for early 
childh : o d lead in take merges wi th the m o r e general expres
sion fcr lead ingesuon t h r o u g h o u t life. 

The Ryu et aL (1983) d a t a (Fig. 3) al low die tary lead in
take i 1 early infancy to be quant i f ied as a f u n a i o n of t he 

T A B L E 2 
Coniiparison of Simulated Blood Lead Concentrations with 
Ob&'ived Blood Lead Ranges from Rabinowitz «r a/. (1985) 

S>imulated blood lead 
roncenuaiton. ug/dl 

Observed blood lead 
range, ug/dl 

3.9 
5.1 
8.0 
9.1 

<3.7 
3.7-6.0 
6.1-8.7 

>8.7 

Salt iiee Metiiods for details of simulation. 

FIG. 6. Simulations for three subgroups from the Baltimore Lead 
Study (Chisholm et al.. 1985). Timing of hospitalization for chelation and 
of discharge are indicated. Time is expressed relative to timing of chelation. 
(I) (Thildren discharged to old legally abated homes: (lib) Children dis
charged to "lead-free" public housing; (IV) 'Children discharged to housing 
reponed as abated but which presented previously unrecognized or newly 
developing lead hazards. Dau points are geometric means of measure
ments in 93 (I). 15 (lib), or 59 (IV) children. Curves are model simulations 
forCDUST ' 5000 ug/g and CSOIL > 10.000 ug/g pnorto chelation tre^: 
meni and CDUST - 500 ug/g and CSOIL - 5000 ug/g (I). CDUST - 400 
ug/g and CSOIL > 800 ug/g (Hb). and CDUST - 5000 ug/g and CSOIL 
> 10.000 ug/g (IV) after chelation treatment. These concentrations were 
selected on the basis of descriptions ofthe abatement procedures suggesting 
more pronounced teduaions in interior than in exterior lead hazards. 
(Dther environmental sources of lead were as follows: air lead. 0.003 mg/ 
m': water lead. 0.005 mg/liter. oral intake oflead by children at age 1 year. 
15 ug/day: inuke oflead with f(x>d by adults. 50 ug/day: and year of binh. 
1977. 

lead c o n c e n t r a t i o n in milk o r formula. Later , increas ing va
riety in t he die t prec ludes s t ipulat ion of a single observed 
re la t ionship of lead in take to age. T h e simplest plausible 
re la t ionship descr ib ing growth within a species is used in
s tead: d e p e n d e n c e of daily food a n d wate r in t ake o n the 
2 / 3 power of bcxly weight ( M c M a h o n a n d B o n n e r . 1983). 
M a r k e d changes in the lead con ten t of diet o r d r ink ing wa
t e r are mcxieled a s ab rup t changes in exposure . 

Blocxl lead concen t r a t i on da ta from the Glasgow Infant 
D i e t S tudy (Lacey et aL. 1985) (Fig. 4) are no t sa t i s faaor i ly 
reprcxluced by t he physiologicaily based m o d e l . T h e mcxiel. 
t h i s version of which does n o t incorpora te concen t ra t ion-
d e p e n d e n t abso rp t ion from t h : gastrointest inal t r a a . 
greatly overpred ic t s b lood lead concen t ra t ions a t the higher 
infant fo rmula lead levels. Since formula lead concent ra 
t ions were as high as 500 ^g/l i ter . it is reasonable to surmise 
tha t dose -dependen t f r aa iona l absorpt ion was a ma jo r fac 
"tor a c c o u n t i n g for the discnrpancy. Cut t ing fractional ab
sorp t ion to 1/3 of its low-exposure value br ings predicted 
a n d observed blocxl lead concen t ra t ions in to a g r e e m e n t at 
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the h giiest formula concentration mcxieled, 500 <ig/liter. 
The ^ cry higli levels of drinking water lead in the Glasgow 
study were found in low-pH water distributed through lead 
pipes and were unique to this region of western Scotland. 
The jiroblem has smce been correaei and there should be 
lUle :ontinuing need to mcxiel drinking water exposures of 
this magnitude. However, dose-dependent fractionai ab
sorption oflead from much smaller amounts in the gastro-
intesi inal traa has recently been demonstrated in rats fed 
conu 3 lied amounts of lead either as soluble lead acetate or 
as pi Ivenzecl mining waste soils (O'Flaherty et al.. 1994). 
That observation, together with the marked dose depen-
denc:; of blood lead seen in the Glasgow study, suggests that 
ncxi ficauor ofthe physiologically based mcxiel to take into 
acco ini dosf-depcndem gastrointestinal absorption in both 
rats <ind humans would be appropriate. 

Fractionai absorption oflead by children. The age de-
penc ence of fraaional absorption of lead from the gastro 
intes'iinal traa is very poorly charaaerized. Alexander 
(197 t) repoTTed that fraaional absorption from the gastro
intestinal traa was as high as 53% in 8 healthy children up 
to 8 years old. consuming a free dicL Lead intake per unit 
body weight was nighcst in the single neonate in this series, 
and iibsorptjon and retention also tended to be higher in the 
younger children: but with the limited number of observa
tion i. experimenial variability obscured any clear piaure 
of a;:',e dependence of absorption. In the mcxiel. fraaional 
absc rption of lead from the gastrointestinal traa is set at 
0.6C for the neonate, with a gradual decline to the adult 
level of 0.08 by age 10. 

Tlie magnitude of fractionai uptake of inhaled lead in 
.hil Iren is also not known, nor is it known to what extent it 
may depend on chemical form or particle size distribution 
(Knilson. 1974). An important faaor determining inhala-
tior exposure is respiration rate. Activity levels can vary 
grej tly in children from time to time, and in general are 
higiier per unit body weight than aaivity levels in adults. 
The simulations reponed here assume 50% uptake of in-
halrd lead, the default value used for adults, and scale res-
pin.tion rate from the rate in resting adults on the basis of 
'.he 2/3 power of body size alone. An appropriately higher 
respiration rate should be used in simulating lead kinetics 
m £ ctiveiy ijxrrcising children. 

Ixcretion of iead by young children. Repeat lead bal-
anc e studies in 12 infants ages 2 weeks to 2 years (Ziegler et 
aL. 1973) suggested that fecal endogenous lead excretion 
wa about 2.8 times as great as urinary endogenous excre-
tio 1. This value is not greatly different from the value 2.3 
pre viousiy used for adults. In addition, the ratio of fecal to 
urinary excretion is highly variable from individual to Indi
vid ual (O'rlaheny. 1993). Consequently, the value ofthe 
ratio in adulthood was left unchanged in modeling the ki-
ne i':s oflead in childhocxl. 

Panitioning oflead between plasma and red cells in chil
dren. Much, although not all. lead binding in the red cell 
is to hemoglobins (Bruenger et aL. 1973: Ong and Lee, 
1980a). Ong and Lee (1980b) observed a very strong bind
ing of lead to fetal hemoglobin in samples of human cord 
blood. Experiments in which the a, /3, and y chains of fetal 
hemoglobin were separated and recombined in vitro dem
onstrated that the y chain, unique to fetal hemoglobin, has 
a much greater affinity for lead than either the a or /3 chain 
of adult hemoglobin. Therefore, the idea that the relation
ship of red cell lead to plasma lead may be different in in
fants or young children and in adults is appealing. 

No direa experimental evidence exists either to suppon 
or to refute this possibility. However, indirea evidence sug
gests that partitioning oflead between plasma and red cells 
may not in faa differ greatly between children and adults. 
Cavalleri et aL (1978) examined correlations between 
paired plasma and red cell lead concentrations in venous 
and cord blocxl in 75 women immediately after delivery. 
The best correlation in the data set was between the ranos 
of plasma lead to red cell lead in mothers and newborns 
(cord blocxl). indicating that at least some ofthe variation 
in measured plasma lead at specific total blocxi lead levels 
must be due to charaaeristic interindividual differences 
and that some ofthese differences are closely correlated be
tween mother and child. It is not possible to determine pre
cise relationships between maternal and fetal lead concen
trations from the Cavalleri et aL (1978) data. Although the 
correlation lines of best fit between maternal and fetal mea
sures suggest that fetal lead concentrations were higher than 
maternal lead concentrations at plasma lead concentrations 
below about 0.5 »ig/dl. inspection ofthe scatter plots shows 
that lines of perfect correlation i nterseciing the origin would 
not be unreasonable fits to any ofthe three data sets (plasma 
lead, red cell lead, and ratio). Certainly the data do not sug
gest any marked systematic differences between the ratios 
of plasma and red cell lead in the newborns and in their 
mothers. Therefore, the expression that defines the plasma 
to red cell concentration ratio in the physiologically based 
adult lead kinetic model (O'Faheny, 1993) was used in 
these simulations for infants and children as well. 

Soil and dust ingestion. The expressions for soil and 
dust ingestion were designed to generate the age depen
dence of measured blocxi lead concentrations in the Cincin
nati Prospeaive Lead Study. Ifhis age dependence is not 
readily generalizable. In the experience of some investi{;a-
tors. blood lead concentration does not peak at around age 
2 years, but remains elevated through the next several yesirs 
or even into adolescence (Kawai et al.. 1987; note also the 
persistently elevated blocxl lead concentrations in the Balti
more Lead Study (Fig. 6). compared with the prediaed 
gradual blood lead decline). Many factors could contribute 
to continuation of high dust- and soil-related exposures into 
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later chi Idhood, These include climatic factors (during what 
fraction of the year can the child play outdoors? how dry/ 
'usty is the region?), social factors (how much ofthe time 

' "does the child play outdoors?), and exposure-related faaors 
(are lead hazaids limited to the area in and around the 
child's residence, or are they widely distributed throughout 
the neiv.hborhc>od. including schcx>l playgrounds and inte
riors?) Other exposure sources may also be either age-de-
penden'i or dependent on the date (year). One implication 
of the 1 ipidiity with which blood lead responds to changes 
in cumint exposure in eariy childhocxl is that if blocxl lead 
concemration is to be modeled accurately as a funaion of 
age. the n expojiure must be known accurately as a funaion 
of age. 

A dai;ji set that could not be satisfaaorily reproduced by 
the ph.'!;iologi:ally based model is that of Yankel et al. 
(1977), These investigators measured blood lead concentra
tions in group:; of children in the vicinity ofa lead smelter. 
In a n rai setting, with measured air lead concentrations 
arounc 0.(X)Of' mg/m^ and surface soil lead concentration 
only 300 ^g/g. the "control" group in this study had mean 
blood l;ad concentrations of 25 Mg/dl at age 2 and 17 ^g/dl 
at age > It is necessary to invoke what would appear to be 
unreasiinably nigh focxi and drinking water lead concentra
tions i 1 order to generate such high blood lead concentra
tions in this exposure setting; note, for comparison, that the 
mean olood lead concentrations in the lowest exposure 
group in the Cincinnati Childhocxl Lead Study, whose en-

%m vironr lental exposures were roughly comparable to these, 
did noi. exceed 10 Mg/dl at any time. In addition, blood lead 
concentrations in the Yankel et aL study tended to remain 
elevated throughout early childhood before decreasing and 
then i:icreasing again in adolescence. The reasons for the 
differe nces between the Yankel et aL data set and other lon-
gjtudi lal dau sets are not immediately apparent. 

Bor e formation and resorption. Bone formation rate 
has hi itorically been estimated by using calcium tracers, ei
ther suble or radioactive calcium isotopes or isotopes of el-
emens that mimic the bone uptake behavior of calcium. 
Follo>'nng a single intravenous dose of the tracer, the 
diffeniTice between the rate of loss of label from a soft-tissue 
pcK)! itiat includes the blcxxi and the rate of appearance of 
label i n excreta is considered to be a measure of its one-way 
uptaki: into bone. This kinetic analysis has distinct hmita-
tions. since tone is not a well-mixed companment as re
quire 1 by classical companmental analysis, nor is it a sink 
for cjilcium rracen over even very shon periods of time. 
Esiin a.tes of bone formation rate obtained by this tech
nique are doxndent on the length of time between tracer 
admiiistratjon and final blocxi and excreta analyses. None-
thele; s. ofall the indicators of bone formation rate, this ap-
proxi nation of instantaneous uptake of calcium tracen by 
bone is both the most readily quantifiable and the most 

neariy representative of total bone formation activity. 
Therefore, it is the best available measure to use to model 
the impaa of bone turnover on blood levels of those ele
ments, such as leacL that mimic calcnum kinetics. 

Bone formation rate, estimated as the rate of calcium 
tracer uptake by bone (Fig. 1), increases during childhood, 
peaks, and then falls off sharply toward the relatively low 
level of formation associated with remodeling that persists 
throughout adulthood. The shape and temporal position of 
the peak are important determinants of the impaa of the 
interaaion between bone turnover rate and age at lead 
exposure on persistence of bone stores into adulthood. It is 
clear from the wide scatter of bone formation rates in sub
jects less than 20 years old thaL at least at cxsasional time 
points or in particular individuals, bone fonnation rate can 
be very much greater than the average high rates asscxhated 
with preadolescent growth. It is perhaps wonh noting that 
the two exceptionally high points in Fig. I were for a boy 
and a girl both of whom weighed nearly twice as much as a 
standard adolescent ofthe same sex and age. 

A number of other experimental measures or indices of 
bone formation and resorption have been identified. 
Among the more traditionally useful bicxrhemical measure? 
are plasma levels of the bone isoenzyme of alkaline phos
phatase, for bone formation: and plasma acid phosphatase 
and urinary excretion of hydroxyproline. for bone resorp
tion. Stcpan et aL (1985) examined these indices of bone 
formation and resorption in 2100 individuals greater than 
1 year old. In general, the biochemical indices were found 
to be closely correlated with each other and with growth 
rate in children and adults. Elevated eariy levels persisted 
through adolescence, with low adult levels reached by th? 
age of 25-30 years. Smaller peaks tended to occur shonl> 
after binh. at age 6-7 years, and before the end of pubeny. 
just prior to the rapid fall to adult levels. 

A similar age dependence of plasma alkaline phosphatase 
activity was reponed by Fleisher et aL (1977), with the ad
ditional observation that activity peaked at 11-12 years in 
girls and 13-14 years in boys. Yoneyama and Nagata 
(1980) linked urinary hydroxyproline exaction to the time 
of menarche in girls, showing that concentrations just be
fore menarche. which marks the end of the growth spun, 
were higher than concentrations just after. These patterns 
are consistent with the mcxieled net rate of deposition ot 
bone calcium, which peaks at binh and at pubeny (Fig. 7). 

The link between bone mineralization and reprtxluaivc 
maturity imphes that the age dependence of bone mineral
ization rate should be gender-spec:ific. The age dependence 
of bone formation rate is not linked to gender in the current 
form ofthe model because the data are too sparse to a l l " 
differentiation of bone mineralization behavior on the basib 
of sex. For this reason, gender of the subjects is not indi
cated for the individual experimental observations in Fig-
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FI: J. 7. Turnover rate of bone calcium as a function of age, as defined 
in th: mcxiel. 

1. Ntore precise modeling will require a more complete dau 
base. 

Ii is reasonable to posit that the timing and magnitude of 
cor e minei-alization rate are also influenced by genetic and/ 
or linvironmental faaors. It is well established that bone 
maa. varies with genetic makeup (Trotter et al.. 1960; Li 
et al., 1989). In addition, Hui et aL (1985) demonstrated 
difiirrences in bone mass and diameter ofthe radius among 
children and adults living in different areas ofthe United 
Sxztes (ana coming from slightly different ethnic mixes). If 
sue tl distinguishing differences were better charaaerized. 
t^ey could be incorporated into the physiologically based 
mcdel in order lo simulate lead kinetic behavior for specific 
eth nic or geographically based population groups. 

Turnover of bone calcium is as much as severalfold per 
yeiir in infants and children through the adolescent growth 
spuit. This magnitude of turnover is entirely consistent 
will the requirement for intensive modeling to maintain 
thi! proper shape and configuration of growing bones as they 
inci'case i'ti mass and shift in relative space. Not all bone 
ra:nicipates consistently or equally in this modeling pro-
ceiâ  however. Some regions of bone turn over more rapidly 
thiin the average, while pcxrkets of old (neonaul) bone per-
si! I throu!$hout life. In addition, the rate of lcx:alized turn-
o> er does not necessarily decline with age. Instead, it ap-
pcaxs most probable that it is the fraction ofthe skeleton 
uriderj;oing aaive modeling that decreases with age in the 
gi 3wing c:hild. Suppon for this concept is provided by the 
studies of Bryant and Loutit (1964) on the kinetics of stron-
ti im in ciiildren and adults. These investigators concluded, 
0 1 the basis that the specific activity of bone strontium and 
d eury sxontium ('"Sr/total Sr) remained in continuous 
ei luilibriiim. throughout the first several years of life even 
tliougli cjietary specific aaivity was changing at the time. 

that bone turnover was very rapid and was essentially com-
plae during this period. In adolescents, strontium di«/ 
bone specific activity equilibrium was not achieved. Accre
tion of new bone appeared to be the dominant process, with 
a comparatively low bone turnover (that is, a comparatively 
low resorption rate), as would be the case if localized high 
bone formation were taking place in a setting of largely low 
turnover or mature bone. The concept of increasing local
ization of active bone turnover during growth has been ad
dressed by incorporating two bone tissue types into the 
childhood (growth) segment of the physiologically based 
model: a tissue engaged in active modeling, which accounts 
for total bone volume at birth but has disappeared by the 
time the skeleton has matured, and a tissue similar in its 
charaaeristics to mature bone, not present at birth but ac
counting for total bone volume at and after skeletal matu
ration. At present, the presence in the model of these two 
bone tissue types must be considered as offering more a 
framework for than a precise description of regionaiization 
of active bone turnover, since their relative contributions to 
total bone turnover have necessarily been arbitrarily de
fined. One consequence of a continuous increase in the rel
ative amount of mature bone during childhocxl is that the 
terminal rate of loss oflead from bone will be increasingly 
determined during growth by that bone fraction rather than 
by the actively modeling fraction. 

.Modeling blood lead concentrations in childhood. High 
bone turnover in early childhood implies that most of the 
lead acquired very early in life is not permanently fixed in 
the bone. It will be returned to the blood through bone re
sorption at some later time in childhood, when it will either 
be recycled to a region of forming bone, temporarily held in 
a soft tissue pool, or lost irreversibly by exaction. If exoge
nous lead sources are abruptly reduced or eliminated, the 
net rate of loss oflead from bone in childhood will be deter
mined principally by the rate of bone resorption. Since frac
tional bone resorption rate is very high in infancy, it is to be 
expeaed that very early high bone lead burdens could be 
largely reversed by removing the young child to an environ
ment where lead exposure is low. Table 3 gives model pre
dictions for blood and bone lead concentrations at age 12 
in a girl whose high childhood lead exposure was in
terrupted at various ages from 2 to 10 years. The simula
tions in Table 3 predia that were full abatement to be 
achieved, the accumulation ofa large bcxly burden oflead 
asscxnated with early childhood lead exposure would b<; es
sentially fully reversible if intervention were sufficiently 
eariy, and reversible to a declining extent as the inter/en-
tion occurred progressively later in childhood. Thus, while 
high bone formation rate in esirly childhocxl results in rapid 
uptake of circulating lead into mineralizing bone, bone lead 
is also lost rapidly in accordance with the high bone resorp
tion rate. This is not true of adults, in whom bone turnover 
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menuil exp^asure and the bioaccessibility/absorption in
terface between the environment and the individual must 
be ci liu'actetized accurately if blcxxi and bone lead are to be 
mcx: sled accurately. The demands placed on a predictive 
-noc el under these circumsunces are very high. The current 
phy;;iologicsilly based model incorporates the principal an
atomic and physiologic determinants of blcxxi and bone 
lead concentration. Although the age dependences of some 
of th esc model features are poorly charaaerized at this time, 
the model provides a rational framework for interpreting 
the xrhavior of bone and blcxxi lead in children and adults 
will, widely varying current and past lead exposure. This is 
paniculariy important in eariy childhocxL a pericxi of great 
'abi ity of both blcxxi and bone lead during which current 
.eac: upuke is the key determinant of concentrations in 
botJ'i tissue:.. 

APPENDIX 

I.tgestiori oflead in dust and soiL The rates of ingestion 
of had witn dust and soil (RDUST. RSOIL. mg/day) are 
defined as the concentration of lead in the medium 
(CDUST. CSOIL, mg/g) multiplied by an age-dependent 
ingiiition rate (MDUST. MSOIL. g/day). Thus. 

REiUST, rng/day = (CDUST. mg/gXMDUST, g/day) and 

RSOIL. rng/day = (CSOIL, mg/g)(MSOIL, g/day). 

MLiUST and MSOIL are functions of age whose shapes 
wee devised as described in the text (Methods). They are 
illunrated in Fig. 2. 

J nfant formula and food consumption. The concentra-
tioi oflead in infant formula or mother's milk (CFMLA. 
mt /liter) is multiplied by the rate of ingestion of formula 
(DI-MLAI. liters/yean by infants up to age 0.3 years (Ryu 
et i.:i.. 1983) to obuin the rate oflead ingestion by infants in 
thiii age range (RFMLAI. mg/year): 

RI ML,M. mg/year 

= (CFMLA. mg/literKDFMLAI. liters/year). 

Tlis sour<:e of lead is phased out suning at age 0.3 years 
anij terminating at age 1 year, by a linear decline in the rau 
of liad inf'.estion in formula (RFMLAB. mg/year): 

R "MLAB, rng/year = RFMLAW. mg/year 

- (RF^'ILAW, mg/year/0.7 years)((AGE - 0.3) year). 

w icre RFML^vW is the rate of ingestion oflead in formula 
at age 0.3 years and AGE is given as fraaion ofa year. 

Beginning at age 3^ months, ingestion of lead in focsds 
and liquids other than formula (RSOLID. mg/year) is 

phased in as a linear increase to a value (RFOOD3, fig/day) 
for ingestion oflead in the dirt by the 1-year-old child. 

RSOLID. mg/year = ((AGE - 0.3) yearX365 days/year) 

X (RFOOD3, Mg/dayKO.OOl mg/Mg)/(0.7 yean). 

The rate of total lead ingestion in the diet by infants less 
than 1 year old (RFOODI, mg/year) is therefore 

RFOODI, mg/year = RFMLAI, mg/year 

+ RFMLAB, mg/year -I- RSOLID, mg/year. 

The value of RFOODI at age 1 year becomes the starting 
point for the expression that links lead ingestion in focxi and 
drinking water throughout the remainder ofthe life span to 
the 2/3 power of bcxly weighL 
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